A receiver design for rejecting interference by Paananen, Roy A.
1'-~'--""' ~ 900¼ 36-41
A RECEIVER DESIGN FOR REJECTING INTERFERENCE
Il
ROY A. PAANANEN
O coe
TECHNICAL REPORT NO. 245
SEPTEMBER 22, 1952
RESEARCH LABORATORY OF ELECTRONICS
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS-7
--Lff
r
The Research Laboratory of Electronics is an interdepart-
mental laboratory of the Department of Electrical Engineering
and the Department of Physics.
The research reported in this document was made possible in
part by support extended the Massachusetts Institute of Tech-
nology, Research Laboratory of Electronics, jointly by the
Army Signal Corps, the Navy Department (Office of Naval
Research), and the Air Force (Air Materiel Command), under
Signal Corps Contract DA36-039 sc-100, Project 8-102B-0; De-
partment of the Army Project 3-99-10-022.
-
_ _ _
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
RESEARCH LABORATORY OF ELECTRONICS
Technical Report No. 245 September 22, 1952
A RECEIVER DESIGN FOR REJECTING INTERFERENCE
Roy A. Paananen
Research Laboratory of Electronics
Massachusetts Institute of Technology
Cambridge, Massachusetts
This report is based on a thesis presented for the degree of
Electrical Engineer, Massachusetts Institute of Technology, 1952.
Abstract
This report concerns the application of a wideband, interference-reducing theory
to FM broadcast receiver design. In the first part, the space link between the trans-
mitter and receiver is examined, with discussions of FM coverage and expected inter-
ference in a given area. This material allows the determination of some of the receiv-
er parameters, such as selectivity and spurious responses.
The second part of the report pertains to the receiver itself. Various selectivity
configurations are compared, with special attention to an approximation method useful
in filter amplifier design. General material relevant to crystal limiter performance
is presented, and a limiter coefficient is defined. The results of a fairly complete
testing of this unit are also included, together with an evaluation of the design and op-
erating differences between this and a typical narrow-band receiver.

A RECEIVER DESIGN FOR REJECTING INTERFERENCE
I. INTRODUCTION
In the last five years a theory, and, more recently, experiments, have shown that
it is possible to obtain satisfactory frequency-modulation audio reception under conditions
of severe multipath or common-channel interference. However, as is usualinfirst at-
tempts, the amount of circuitry and equipment needed to achieve this result was rather
large. The purpose of this study was to effect simplifications sufficient to make the theory
useful in frequency-modulation broadcast receiver design.
Interference can be defined as the degradation of the quality of reception of a de-
sired signal by other radio signals. This interference is generally interpreted to in-
clude noise as well as common-channel, adjacent-channel, and multipath interference.
For illustrative purposes, consider common-channel interference--that which results
from two FM stations, A and B, sharing the same frequency assignment in a given geo-
graphical region. At any receiving location in this region, there will be a ratio of volt-
ages E A/E B delivered to the antenna from these stations. Experience with standard
FM receivers has shown that if the condition 1/3 < IEA/EB 7z3 exists, reception of
either station is bad, and co-channel interference exists for this location. For ratios of
EA to EB outside this inequality, reception of the stronger station is generally assured
insofar as common-channel interference is concerned.
The mechanism of interference production is somewhat as follows. If the strength
of the larger signal is taken as unity, and the value "a" is assigned to the weaker, aper-
tinent vector diagram of the voltages is as shown in Fig. 1.
Fig. 1. Interference vector diagram.
If the frame of reference is taken to be rotating with the frequency of vector 1, then the
only motion is that of vector "a" with respect to vector 1. Such motion of "a" will de-
pend on the frequency modulation of either vector 1 or "a" or both. If "a" is nearly
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equal in magnitude to 1, large rates of change of phase of the resultant R may occur
when "a" and 1 are near phase opposition. The consequent frequency variations of R
due to these rapid phase changes will be large, and, in fact, may greatly exceed the
frequency variations due to program modulation. It can be shown that, if the limiter-
discriminator is widebanded enough to handle these large frequency perturbations caused
by the interfering signal "a", there is a corresponding improvement in narrowing the
threshold of interference. Thus, if the limiter-discriminator is made 6 Mc wide, the
voltage ratios which indicate the interference boundaries become approximately
0.95 < EA/EBI < 1.05
This same reasoning applies more or less to the other types of interference men-
tioned, and, if the theory can be put into practice, worth-while improvements in total
interference rejection should be effected.
The foregoing theory (1)and applications of it are due chiefly to the Research Lab-
oratory of Electronics group headed by Arguimbau. The culmination of this group's ef-
forts resulted in a laboratory receiver capable of discriminating against signals differ-
ing in amplitude by 0.5 db or so. This unit employed about 24 tubes and had a rather
unwieldy mechanical construction. It seemed reasonable then, to "shake this receiver
down", in order to make the theory useful in FM broadcast receiver design. This has
been done and conclusions from the shaking down process form the topic of this report.
A word is in order here about the basic philosophy of design followed throughout.
The widebanding of the limiter-discriminator of the receiver described herein was not
carried so far as it was with the laboratory receiver. Thus, some leeway in design was
gained. Secondly, considerable effort was spent to make the receiver satisfactory in
the more conventional respects, such as sensitivity and spurious responses. This was
insurance against trading one kind of interference for another. Little is gained by re-
jecting co-channel and multipath interference while allowing spurious responses, for
instance, to make the receiver unworkable.
This report is arranged in six sections and an appendix. The material in Section
II concerns the space link between the FM transmitter and receiver with particular ref-
erence to the Eastern and Central Massachusetts areas. The titles of Sections III through =
VI, (the I-F Amplifier, the Limiter-Discriminator, Performance, and Conclusions), are
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self-explanatory. The material in the appendix describes the maximum gains per stage
in i-f amplifiers.
The rf head for this receiver was designed and constructed by H. H. Cross. (2)
II. THE SPACE LINK
The most important single fact about vhf ( f > 60 M c ) wave propagation is that these
waves are seldom reflected or refracted efficiently by the ionosphere. This limitation
of efficient vhf wave propagation to somewhat greater than line-of-sight distances per-
mits a fairly simple study to be made of coverage and interference in a given area. In
this area there is a sort of "closed system" in which the number stations that provide
service or that can cause interference is reasonably small and quite definite. Because
of geographical proximity, the region to be considered in our case is most conveniently
eastern and central Massachusetts, from the Connecticut River eastward.
Map 1 shows the FM coverage of this area by displaying the 1000 Lv/m contours
of all FM stations serving the region with this grade of service. These stations include
a few out-of-state transmitters. The contours represent such a field strength with a
receiving antenna height of 30 feet. Although the actual contours may be slightly irreg-
ular, they are drawn here as circular with little resulting error, at least for eastern
Massachusetts. The 5000 ~v/m contour of WEEI-AM is included for comparison pur-
poses. It is likely that the 1000 uv/m FM contours represent better service than this
AM contour, in addition to covering a larger area in general. The figures onthe map
represent the number of stations providing the 1000 Lv/m service to the associated areas
A point to be noticed is the good coverage of the Boston area offered by FM trans-
mitters. Within the WHDH-FM contour there are 2, 771, 000 out of the Massachusetts
population of 4, 316, 000 (1940 census) served by this and about eight other stations, so
that a 1000 v/m sensitivity receiver would give a large choice of stations for more
than half the population of the state. Although FM receivers of this order of sensitiv-
ity have been manufactured, it was felt that the spirit of the investigation called for a
design capable of coping with both weak and the very strong signal areas.
Consider the weak signal case first. Map 1 shows that small areas of the state (from
the Connecticut River eastward) have no 1000 Lv/m coverage at all. The islands of
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Martha's Vineyard and Nantucket fall partially into this category, although they are not
shown on the map. Considerably larger areas have this grade of service from only one,
two, or three transmitters. All these areas, however, are considered to have satisfac-
tory FM service from one station at least, since they are within some 50 v/m contour.
The F. C. C. (3)regards rural listeners, and those in towns having less than 10,000
people, as receiving FM service if the service meets this standard of field strength. In
fact, it is difficult to find areas where there are not three FM stations providing 50 av/m
service. (The figure three is chosen as rendering a minimum program service. ) The
lower end of Cape Cod may be such an area, however. Listener-wise, this area is
important because of the high concentration of people in the summer, at a time when
AM reception is at its worst.
The 50 Mv/m contours are not shown on the map, but they are roughly twice as far
from the transmitter as are the 1000 v/m contours, and they could easily be drawn in.
It is clear that the proposed receiver should have sensitivity sufficient to give good
signal-to-noise ratios in these weak signal areas. Also, if this unit should be used in
states such as Montana or Vermont, which have no FM stations within their boundaries,
such sensitivity would be especially useful. This would call for adequate performance
with about 50 v/m at the antenna.
The estimate of needed sensitivity, however, must be modified upward on two
counts. First, the one-day fading range for these distances and frequencies is of the
order of 30 db. If half this amount for the downward range, or 15 db is considered, at
these fading minima only 9 u v/m of signal will reach the antenna.
Secondly, under conditions of interference by a second FM wave, the resultant of
the two waves, the desired and the interfering, will be modulated in both frequency and
amplitude. The receiver should operate normally even at the amplitude minima. For
instance, two signals, a desired one at 50 /v/m and an undesired one with a signal
strength of 45 v/m would give a resultant rf wave of 5 Mzv/m strength at times, yet,
with adequate design, the stronger can be made to suppress the weaker signal satisfac-
torily.
The conclusion reached is that the sensitivity ought to be sufficient to receive
5 to 10 /Mv/m signals in order to operate reasonably well at the median 50 Mv/m
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contours. This is a minimum specification, to be exceeded if consistent with the econ-
omy of the situation. A check of the characteristics of some of the better FM receiv-
ers reveals that such sensitivities are attainable, although not without effort.
An upper limit on needed sensitivity occurs at about 2 v/m because of cosmic
(4)
noise. Norton shows that, due to this cause, about 4 v/m of field strength is needed
for satisfactory FM reception, with all other interferences absent. If an antenna
such as a half-wave dipole or better is used, this field strength converts to 2 L v/m
or more. Additional sensitivity is needed wherever less efficient antennas are used.
Even with such sensitivities, however, any 4 ILv/m contour drawn on the map means
nothing because reception at such points in actual practice is marked by extreme fad-
ing and consequent loss of signal a good part of the time. For this reason, the 50 Lv/m
contour represents a better index of the coverage range of an FM station than any
lesser contour.
Consider now the problem of the strong signal. It has long been the practice to
locate powerful AM transmitters in sparsely settled areas so as not to "blanket" any
large number of receivers. This principle has not been followed in the siteing of FM
transmitters, some antennas being located in the heart of the city to be served. There
are perhaps three important reasons for so locating a station; (1) the availability of high
buildings for consequently inexpensive antenna structures, (2) centrally located coverage
patterns, and (3) the apparent lack of F. C. C. objectionto such "blanket areas"for FM.
It is probably true that high signal levels are less troublesome in FM than in AM.
In general, crosstalk appears as an amplitude modulation of the desired signal. Since
an FM set will reject this, the FM set should be immune to this particular form of inter-
ference. This follows the reasoning presented in an article by Wheeler(5)in 1940.
Many other responses are possible in a superheterodyne, however, as discussed
by Morgan(6)in a 1935 paper, but no attempt will be made in this section to extend the
discussion to the FM case. It suffices merely to point out that several commercial FM
receivers showed violent interference from two close-by FM stations, WHDH-FM and
WBUR, when tested with a reasonable antenna in the Research Laboratory of Electronics.
Map 2 shows the location of these two transmitters in a heavily populated section of
Boston. Circles with radii of one -half and one mile have been drawn around each station.
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Inasmuch as the typical commercial FM sets mentioned above had interference when
located outside the one mile circle, it is interesting to get an estimate of the population
that might have similar difficulties. This was done by counting the residential blocks in-
side each of the circles, multiplying by an estimated average population per block, and
summing. The resulting figures, while hardly a census, should indicate the large number
of people affected. This estimate shows that:
within one mile of WHDH-FM there are 112,000 people, and
within one-half mile of WHDH-FM, there are 45,000 people.
The figures for WBUR are approximately the same. The one-mile count is not four
times that of the one-half mile count, because a considerable amount of water and busi-
ness area is included in the larger circle. From curves published by the F. C. C., the
approximate values of field strength for a typical receiver site can be read off. These
are 1 volt/m for the one-mile distance and 5 volts/m for the half-mile distance.
These are large voltages and large numbers of people. If the commercial sets
tested were to be in working order, it is difficult to see how listeners, within the half-
mile distance at least, could use efficient antennas satisfactorily with these sets. When
inefficient antennas are used, the effect of the strong signals is reduced, of course, since
most of the spurious responses are due to E2 or E3 terms. This, however, restricts the
reception unnecessarily to the local area.
The proposed receiver should have large signal handling capacity, both to reject
these signals when tuned off frequency and to avoid overloading when tuned to them. The
off-tune responses are primarily a function of rf circuitry. H. H. Cross(2)designed the
rf head of the proposed receiver to cope with this problem.
The second major topic of interest in connection with the space link is that of inter-
ference. Specifically, this includes co-channel: adjacent, alternate, and third channel;
and multipath and impulse noise interference. These will be considered in the order named.
The frequency modulation broadcast band extends from 88 to 108 Mc and contains
100 channels, each 200 kc wide, starting at 88. 1 Mc and continuing through to 107. 9 Mc.
Inasmuch as there are some 600 to 700 FM stations on the air at the present time, it is
seen that co-channel interference may be aproblem. The interference that actually exists
is partly a function of the F. C. C. channel assignment. Apparently, the commission's
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policy in these matters is that the service areas of FM stations are normally protected
to the 1000 Lv/m contours, with assignments being made to ensure a maximum of ser-
vice to all listeners, urban or rural. In other words, an attempt is made to protect the
50 v/m contour as well as the more important 1000 /Lv/m contour. The exact definition
of "protected" as far as co-channel interference is concerned, as taken from an F. C. C.
Standards pamphlet (3) , states that the ratio of desired to undesired signals of co-chan-
nels shall be 10/1, where the desired signal is median field, and where the undesired
signal is the tropospheric intensity exceeded for one percent of the time. The pamphlet
further states that the ground-wave intensities of undesired signals should be used in
lieu of tropospheric intensities to predict interference, until more information is obtain-
ed on such tropospheric propagation.
In the same area as was considered on Map 1 (central and eastern Massachusetts),
there are nine pairs of co-channel stations which might need to be studied with respect
to interference within the designated area. Of these nine pairs, however, only two pairs
might cause mutual interference within their respective 50 /Lv/m contours. These pairs
are WLAW-FM (Lawrence) and WDRC-FM (Hartford, Conn. ) at 93.7 Mc; and WLYN-FM
(Lynn) and WWON (Woonsocket, R. I.) at 105.5 Mc. These regions of interference are
shown by sectioning in Map 3. No co-channel interference is noted inside any 1000 jiv/rd
contour. Since only two out of nine co-channel pairs give trouble in this rather densely
populated section of the United States, the ratio could logically be expected to be less
in most other regions.
The construction of the interference areas drawn in Map 3 is as follows: The ser-
vice area for a particular station is considered to be limited by the 50 MLv/m contour.
Then, in the case of co-channel interference, any other station of the same frequency,
which delivers a signal more than one-tenth as large as the desired signal at any point
inside the desired 50 v/m contour, generates a point of interference. The totality of
such points marks the area of interference.
On Map 3, one sectioned segment denotes interference to WLAW-FM by WDRC-FM,
and the other denotes the opposite. Similarly, segments are indicated for WLYN-FM
and WWON. It should be noted that these and the other interference areas are rough
approximations for two reasons - (1) predictions of signal strengths at large distances
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is subject to fairly large errors, and (2) no great effort was made to delineate the exact
10/1 ratio boundaries.
The specification by the F. C. C. of the 10/1 ratio of desired to undesired signals,
for co-channel interference is, of course, the result of experience with practical receiv-
ers. Unfortunately, a large percentage of FM broadcast receivers do need such large
ratios for satisfactory rejection of the weaker signal. A receiver that needs a ratio of
only 1.5/1, for example, would provide service in nearly all of the sectioned areas of
Map 3 and, hence, would essentially clear up the only predicted cases of co-channel
interference in the mapped region.
While the predicted interference would be eliminated, it should be realized that the
large fading ranges experienced at the edges of the service areas may cause interchange
of signal strength superiority and, hence, of programs, between the two stations from
time to time. A low margin (1.5/1) makes the transition time as short as possible, and
if, moreover, both stations are on the same network, (7)it may well be that reasonably
good service could be provided to these troubled areas. This suggests that the F. C. C.
assign any co-channel stations in a given region to the same network.
Some results in a paper by Bullington (8)can be applied here. He shows that we can
write 20 log S:/'= 20log S/ + K [X2+Y2+Xf+Yf]'/
where S'/ I' is the required median signal to interference ratio, and S / I is the signal
to interference ratio required by the receiver. X Y, Xf ,Y are shadow and fading loss
factors in decibels for the desired and undesired signals, and K = for 90-percent reli-
ability, while K = 1. 8 for 99-percent reliability.
In other words, to get a certain grade of service of 99 percent of the locations and
times, one must add to the necessary S / I of the receiver for this grade a probability
term to take into account fading and effect of location. To illustrate, suppose the
equations 20log S/ 20db and K[ X+ Y+ X b hol true. Then the sum
of these is 35 db and one must travel back towards the desired transmitter until
a point is reached where the median 20 log S'/I' is 35 db. The important point to
notice is that the 20 log S/I = dbof the receiver enters the equation in a linear man-
ner, and any improvement here is reflected in an extension of the service
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range of both transmitters. For instance, in our example, suppose we now substitute
a receiver for which 20 log S/I need be only 2 db. Then the median 20 log S'/ I' neces-
sary is only 17 db. This is a considerable improvement and is worth working for, since
these figures correspond to actual practice.
The rest of the bounded regions on Map 3 represent adjacent, alternate, and third
channel interference areas. These regions were determined from the F. C. C. (3)cri-
teria, which are reproduced in Table I.
TABLE I. RATIOS FOR NO INTERFERENCE
Channel Separation Desired/Undesired Signals
200 kc 2/1
400 kc 1/10
600 kc 1/100
800 kc No restriction
The figures on Map 3 show the number of stations normally receivable
(field strength > 50 v/m) that are interfered with accordingly. The interference pairs
are shown in Table II.
TABLE II.
Adjacent Channel
WHAV-FM - WPRO-FM
WBZ-FM - WHYN-FM
WHDH-FM - WMAS - FM
WHDH-FM -WOCB-FM
WNAC-FM - WHAI-FM
Third Channel
WBUR - WPTL-FM
WPRO-FM - WBZ-FM
WJAR-FM - WTAG-FM
WNAC-FM - WGTR
INTERFERENCE PAIRS
Alternate Channel
WHAV-FM - WBZ-FM
WBET-FM - WBSM-FM
WTAG -FM - WTIC -FM
WBET-FM - WFMR
WGTR - WLLH-FM
WPJB-FM - WEIM-FM
WPJB-FM - WLYN-FM
WNAC-FM - WFMR
WHAI-FM - WSPR-FM
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Although WHAV-FM is off the air at the time of this writing, the interference con-
cerning this transmitter will be considered.
On Map 3, it will be noticed that in a few cases the numbers do not change when a
black line is crossed. This is true whenever the line designates a region which merely
generates additional interference to a given station. For instance, WPRO-FM is inter-
fered with by WHAV-FM and WBZ-FM. However, the WPRO-FM - WHAV-FM region
contains the WPRO-FM - WBZ-FM region, so, in the latter area, no new station is
interfered with, and the number stays the same. Of course, in actual practice, recep-
tion would certainly be more difficult in the twice enclosed area.
A study of the map reveals that there are from six to ten stations in the Worcester
neighborhood which have difficulty with interference. This large number of interfering
stations results because Worcester is roughly in the center of a triangle, with vertices
at Springfield-Holyoke, Providence, and Boston-Lowell-Lawrence. These three metro-
politan areas use a large number of channels, so that their common region of service
(Worcester) is, of necessity, crowded spectrum-wise. Notice the freedom from interfer-
ence near Gloucester, which does have good service from Boston, but which, happily, is
not located between metropolitan centers.
The number of stations normally receivable in the Worcester area is about nineteen.
Since perhaps eight of these may be difficult to tune in separately, we could expect eleven
usable signals. In the Gloucester area, there are about ten normally receivable and,
hence, usable signals. It is apparent that a poor receiver will sound better in Glou-
cester vicinity, whereas it should perform better near Worcester because of the better
service there. Any receiver built, then, should have performance enough to cope with
the multitude of signals available in the central part of the state. These matters will be
considered more completely in the section on i-f amplifiers. It should be pointed out
here, however, that the F. C. C. specifications must be exceeded f we are to reduce
these real interference areas and, thus, to accomplish the objective of the study.
The F. C. C. notwithstanding, there are three areas of interference within the
1000 pfv/m contours. * These are the pair of areas associated with WBZ-FM - WHAV-FM
* We stated on p. 7 that there are no co-channel 1000 pv/m interference areas.
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and a very small area (not shown) around Springfield, where WTIC-FM is interfered
with by WBZA-FM. The sum of these regions is probably less than one percent of the to-
tal mapped area, but the estimated population so affected is four to six percent of that of
the state. Interference in these high field intensity regions is doubly unfortunate,
because (1) even inexpensive receivers would have sufficient sensitivity to use the sig-
nals but for the interference, and (2) the high signal levels cause overloading and con-
sequent broadening of the selective circuits, making any rejection difficult.
Multipath may be considered a subdivision of co-channel interference. Here, how-
ever, the difficulty is not from another station but from delayed replicas of the desired
wave arriving with the desired wave. The delay, of course, is the result of these repli-
cas or secondary waves having traveled greater distances than the usually strongest and
earliest wave.
In urban areas, delays of 1-10 sec seem common, corresponding to path differ-
ences of 0.18 to 1.8 miles, while in mountainous terrain these figures may be increased
several-fold. Reception on reasonably level farmland well away from cities is usually
free from multipath propagation troubles, but even here, nearby aircraft will often cause
the characteristic flutter or distortion of multipath.
For two-path propagation, calculations show that time-delays as low as I .Lsec can
begin to cause distortion, depending mostly on whether the two rf signals go out of phase
during modulation. The effect of longer time-delays is two-fold:
(1) the chances of encountering the out-of-phase condition during modulation are increas-
ed, and
(2) the frequency difference between the direct and delayed signals during modulation is
increased, causing larger frequency spikes.
The amount of quantitative information available on the number of paths and their
relative magnitudes is very limited. The author, however, has concluded from experience
that receivers should be designed to operate with an anll of 0. 80 0.05, where "a" is
the largest signal relative to unity that can be rejected, that is, it is equal to the largest
ratio of undesired to desired signal strength. A receiver designed for a value of "a"
greater than 0. 85 is likely to be too expensive; and a receiver designed for a value of
a" less than 0. 75 may not reject the interference sufficiently to satisfy the intent of
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this study. Co-channel and adjacent-channel interference had little to do with this deci-
sion, because co-channel interference does not seem to be a serious problem, at least in
this area. In the case of adjacent-channel interference, it is believed that adequate selec-
tivity is still the best answer to this problem, although there is some evidence(9)that
such interference will be affected by the choice of "a".
The last form of interference to be considered here is that caused by impulse noise.
From the author's personal experience, it is believed that this, rather than adjacent-chan-
nel, or multipath interference, is the dominant factor in a fairly large percentage of inter-
ference problems.
Several studies have been made of the behavior of receivers under the influence of
impulse noise. Landon (10)concluded that a limiter helps in the noise reduction when the
desired signal is being modulated or when the receiver is not on tune. He also stressed
the need for symmetry in both the i-f amplifier and the discriminator. An analysis by
(11)
Smith and Bradley showed that a noise impulse may cause either a faint "click" or a
considerably louder "pop". They assumed an ideal receiver - one not responsive to
amplitude modulation and, apparently, one with no restrictions on the discriminator
bandwidth.
Consider these results as they apply to the proposed receiver. A high-speed limiter
will be used to accommodate the rapid variations in amplitude associated with rejecting
a weaker signal. Its action should be fast enough to eliminate any AM effects of impulse
noise. Also, the discriminator bandwidth will be large, perhaps five to ten times that of
a more conventional set. Hence, we can say that the design approaches the ideal, and the
Smith and Bradley results apply easily.
What is not so clear, however, is the behavior of the less than ideal receivers, such
as a commercial home-type FM set, under impulse noise. It is possible, perhaps, that
such receivers may respond less to this type of interference than would an ideal one.
The mechanism of "click and pop" production should be examined more closely.
An extension of the Smith and Bradley analysis to this case seems to reveal the
same relative behavior of the narrow-band and wideband receivers under impulse noise
as is the case for more regular types of interference. For the wideband receiver, the
s/n ratio at the output is quite gooduntilthe design s/n at the input, approximately 1/0.80,
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is reached after which the intelligibility decreases rapidly for further increases in the
noise input. Conversely, the narrow-band receiver suffers a gradual decrease in its
output s/n ratio as plotted against increasing input noise.
It seems reasonable that the choice of either the wideband or narrow-band FM re-
ceiver depends upon the application in mind. Thus, for usage where a maximum range of
readability only is desired, the narrow-band unit may be preferable, but for the design
purpose at hand, namely, broadcast listening reception, where output s/n ratios of 30-40
db are the usable minimum, there seems little doubt of the superiority of the wideband
receiver. In any case, impulse interference as ordinarily produced by cars, motors, etc.,
is of such random values of magnitude, that a definite "captive effect" with a wideband
receiver will rarely be noticed, and the above conclusions apply more correctly to co-
channel interference.
III. THE INTERMEDIATE-FREQUENCY AMPLIFIER
It is now possible to write some specifications for the i-f amplifier, an important
unit of the receiver. In the proposed design, as in nearly all superheterodynes, the i-f
section has the main function of providing the greater part of the gain and selectivity
needed. Hence, the specification of these two parameters will be considered at this time.
It is clear from Map 3 that good adjacent and nearby-channel selectivity can do
much to minimize a large number of cases of interference. Thus, the map shows all
areas where the ratio of desired to undesired signals is 2/1, or less, for adjacent-
channel pairs. Then the receiver must supply sufficient desired to adjacent-channel
selection, (Ho/H, 2 5) so that (Ho/H,25 ) (S/N)' = (S/N)R where (S/N)' is the worst pos-
sible case of desired to undesired signal ratio, and (S /N)R is the ratio needed by the
receiver. If such selection can be achieved, it will eliminate all predicted adjacent-
channel interference areas; but it may be possible to attain only partial reductions.
There are two quantities to be determined, namely, the ratios (S /N)R and (S /N)'.
In the case of (S / N)R, as the adjacent-channel signal undergoes modulation, its fre-
quency and the resultant amplitude with respect to the desired signal vary. The AM
comes about, of course, as a result of the steep selectivity curve that the adjacent-
channel signal faces when the receiver is tuned to the desired signal. The diagram
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presented in Fig. 2 may help to fix ideas.
According to the wideband theory, the largest perturbation in the desired frequency
is a spike of magnitude (in frequency), ("a" q) / (I - "a") where /"a is the ratio of
desired to undesired signal strength (S / N) R and q is the difference frequency. To
achieve expected benefits of interference reduction, this spike must be passed. The
problem here is fundamentally the same as that discussed in the introduction, but com-
plications occur because "a" is now a function of the adjacent-channel modulation and the
specific selectivity curve used. It is fortunate that higher values of "a" correspond to
lower difference frequencies, which tends to keep the spike height more nearly constant.
It is clear that, since "a" varies with undesired signal modulation and q varies with
both desired and undesired signal modulation, the prediction of maximum spike height
is somewhat complicated. For an analytical prediction, the equation of the selectivity
curve is needed. In a large number of cases, the selectivity curve can be closely
approximated for this interval by a straight line, when the curve is plotted on semi-log
paper. However, a little thought and calculation reveals that in allpracticalcases (steep
selectivity curves) the largest spike height occurs when "a" is largest. For instance,
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if the selectivity curve is used that results from three double-tuned, critically coupled
circuits such as might be employed in a two-stage i-f chain (constants being as shown
in Fig. 2), there are four limit cases as shown in Table II. This shows the extreme
conditions when the desired and undesired signals are of the same strength initially.
TABLE III. FREQUENCY RELATIONSHIP OF THE DESIRED
AND UNDESIRED SIGNALS VERSUS SPIKE HEIGHT
Frequency Relationship of the ("a"q)/(I- "a") Spike Height
Desired and Undesired Signals
(1) Closest in frequency 0.7 x 50/0.3 117 kc
(2) Both at lowest frequency 0.7 x 200/0.3 467 kc
(3) Frequencies farthest apart 0.04 x 350/0.96 14.6 kc
(4) Both at center frequency 0.2 x 200/0.8 50 kc
For such typical selectivity curves, the worst case, as stated earlier, is when the
value of "a" is the largest. For ratios of undesired to desired signals that are approach-
ing unity, "a" - I, the spike height, as shown in case (2) above, approaches an infi-
nite value. For ratios approaching zero, it is possible for some other condition to give
a larger spike height than the condition in case (2) but it is of little significance, since
in such a circumstance, all of the spike heights are extremely small.
The spike height can be written "a"(200)/(I-"a") Since the weakest case * to be
designed for was (0.75) (150) /(1-0.75), a value of "a" equal to 0.69 results from equa-
ting these two expressions. That is, the selectivity must be sufficient at + 125 kc from
the desired carrier to give a resultant desired to undesired signal ratio at the limiters
of 1/0.69. Thus (S/N)R is determined.
As previously mentioned, there are five pairs of stations which have adjacent-channel
interference. Three of these pairs represent large areas, perhaps a total of one-half
the area of the state, while the other two give only minor interference, area-wise. From
Map 3, it is estimated that the worst desired to undesired signal ratios, (S / N)' , inside
the desired 50 v/ m contour are about 1/100 to 1/150. Assuming that the ratio is
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* See p. 11 for weakest value of "a".
1/100, then the rejection needed at 125 kc is (I / 00) (Ho/HI s ) 1/0.69 and, if the
transfer function, (H) ), for the desired signal is taken as unity, the transfer function
at + 125 kc must be 0.0069. From experience with many types of selective devices, it
does not seem likely that such selectivity can be achieved while preserving the required
flat passband out to 75 kc. However, large reductions in interference areas will
accompany ratios of Ho / Hitsuch as I/(O/10). Notice that even with no rejection
at 125 kc, the ratio of 1/0.69, denoting satisfactory performance for the wideband
receiver, is less than the 2/1 ratio needed to comply with the F. C. C. specifications
and so would reduce the interference areas.
For alternate-channel reception, there are nine pairs of stations, listed in Table II
and shown in Map 3, that cause alternate-channel interference. In some of these cases,
the interfering station is located within the desired 50 v / m contour, a condition which
did not occur for adjacent-channel operation. These cases represent much the worst
interference since the desired to undesired signal ratio can be made arbitrarily small
by approaching the interfering station. Thus, we have no limit on the amount of selec-
tivity needed at ± 325 kc and the only recourse is to make it as large as possible, inde-
pendently of any specification. It is desirable, however, to reach as a minimum the
amount afforded by the curve D shown in Fig. 5. This will insure performance at least
as good as that offered by the better commercial FM sets.
The conclusions drawn for stations separated by 600 kc are similar to those made
above and so need no further comment.
In connection with the selectivity specification, it is necessary to decide how much
ripple in the passband can be tolerated. As first pointed out by Pollack(12 )the i-f ampli-
fier should have a reasonably flat amplitude response to prevent interchange of desired
and undesired signal strengths. In fact, even if such interchange is not completely
reached, a ripple reduces the "a" that can be handled. Figure 3 shows the resultant tol-
erable "a" plotted against ripple with the designed-for- "a" as a parameter. That is, if
the discriminator-limiter has been designed for an "a" of 0.80, then a ripple of 10% per-
mits a received "a" of 0.72 to be handled. Since the design will be for an "a" of 0.75 to
0.85, * a ripple of 5% to 10% is not unreasonable. The larger ripples allow a steeper
* Seep. 11.
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selectivity curve to be achieved and so are desirable from this standpoint. However,
manufacturing tolerances and aging call for some allowance, so no design ripple larger
than 10% will be attempted.
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RIPPLE IN PASSBAND
Fig. 3. Effect of ripple in passband on (S/N)R.
If only the very short time-delay multipath effects are to be eliminated, flatness in
the passband is not needed. For I sec delays and the extreme case of 15, 000 cycle
modulation, the maximum-frequency difference between the main and delayed waves is
only 7, 200 cycles. This frequency difference is invariant to the carrier frequency. The
ratio of i-f transfer functions for such frequency differences is controlling, rather than
total ripple in the passband.
A rough estimate for the gain of the i-f amplifier can be made. If 5 /v/m signals are
to be received, and an antenna conversion to microvolts of unity is assumed, together
with an rf and converter gain of twenty, about 100 v of signal may be expected on the
first i-f amplifier grid. Previous experience with limiters shows that at least
500,000 ~L v ought to be delivered by the i-f amplifier, depending more or less on the
type to be used. This makes the needed i-f gain about 5000.
While such an amount of gain might possibly be achieved with two amplifier stages
at 10.7 Mc, it would result in an extremely critical amplifier. The use of three i-f am-
plifier tubes offers two solid advantages: (1) the whole amplifier is much more stable
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due to less gain per stage, and (2) the isolating action of the tubes allows the use of
enough simple selective interstages to achieve the overall selectivity.
Given the number of i-f tubes, we can again consider the selectivity. Briefly, the
desired i-f transfer function has a small ripple for + 75 kc from the center frequency
and falls off as fast as possible beyond these boundary frequencies. To see how certain
common, and one or two not so common, selectivity configurations meet this require-
ment, the graphs presented in Figs. 4-12 have been plotted. These curves have roughly
the same ripple in the passband, but their performance beyond + 75 kc is seen to vary
widely.
Figure 4 represents the transfer function of one, two, or three single-tuned cir-
cuits separated by tubes. The Q's in all cases are adjusted so as to make the overall
transmission equal to 0.95 at 75 kc. Thus, for the case of n equals 3, the individ-
ual Q's are lower than for the case when n equals 2 or 1. Curve D shows the curve
resulting when n equals 3, but with the Q's adjusted to the same values as represented
by curve A. This, of course, has more than the desired ripple.
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FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 4. Ratio of output to input as a function
of frequency departure from center;
synchronous single-tuned circuit.
: Figure 5 represents transfer functions achievable with critically-coupled double-
tuned circuits, such as are normally used in many FM receivers. Again, except as
21
shown by curve D, the Q's are adjusted to make the overall transmission 0.95 at + 75 kc.
Curve D shows the selectivity curve (ideal) of many typical FM sets whereby the Q's
are adjusted so as to make the response 6 db down at ± 75 kc. Notice how the relaxing
of the flat passband requirement allows much greater selectivity to be achieved easily.
FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 5. Ratio of output to input as a function of frequency
departure from center; critically-coupled
double-tuned circuit.
Figure 6 illustrates the transfer functions available from a certain type of triple-
tuned circuit as described in the literature (1 3) . In this case, two of the Q's must be
4.24 times the third Q.
Figure 7 represents the transfer function of another type of triple-tuned circuit as
(14)described in the literature . Here, one of the Q's should be more than ten times as
large as the other two.
Figure 8 represents the transfer functions associated with a flat-stagger triple and
a quintuple, both adjusted to give a transmission of 0.95 at + 75 kc. The flat-stagger
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quintuple would require four i-f amplifier tubes as isolating elements if built in the usu-
al manner.
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FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 6. Ratio of output to input as a function
of frequency departure from center;
triple-tuned circuit No. 1.
Figure 9 illustrates the transfer functions associated with both a Chebyshev triple
and a quintuple, adjusted to give a transmission of 0.95 at 75 kc. Again, the quin-
tuple would require four i-f amplifier tubes as isolating elements if built in the usual
manner.
Figure 10 shows the result of combining a critically-coupled pair with a slightly
over-coupled pair to form a basic two-pair arrangement with a ripple about the same
as the other curves. Curve A represents the basic two-pair transfer function, while
curve B shows a cascade of two of these. Three isolating tubes would be needed in the
circuit to produce curve B.
Figure 11 represents another sort of combination, one in which a Chebyshev triple
is combined with a critically-coupled pair, each of which is down to 0.95 at 75 kc. This
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arrangement would require three isolating tubes.
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Fig. 7. Ratio of output to input as a function
of frequency departure from center;
triple-tuned circuit No. 2.
Finally, Figure 12 shows the transfer function actually adopted, hereinafter called
the "seven-pole approximation". This represents a selectivity curve achievable by us-
ing seven tuned circuits, a pair with Q equals 100 for each of three interstages, and a
single tuned circuit with a Q of 80.
To see why the last named selectivity configuration was used, consider the short-
comings of the others. The first two schemes may be discarded immediately as not of-
fering sufficient off-tune rejection in comparison with curve D of Fig. 5. Curve D is a
sort of standard, since, if the selectivity achieved is not comparable to this, the perfor-
mance in this respect may be inferior to a presently available FM receiver. That is,
even though the emphasis on design is to cope with multipath and co-channel interfer-
ence by using the wideband ideas, these off-channel responses should be minimized so
as not to degrade the overall interference rejection.
To continue, in the triple-tuned circuit of Fig. 6, the selectivity is fair, but doesn't
improve much in going from one interstage to two, near cutoff. This is the same sort of
behavior exhibited by the first two graphs. A rule of thumb is useful here - the more
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tuned circuits one has that are working together as an integrated whole, the sharper the
cutoff. Also, at frequencies far from cutoff, it is the total number of circuits that deter-
mines the attenuation, regardless of their arrangement. Thus, as applied to Fig. 6, cas-
cading two of these triple-tuned circuits doesn't make them work as a unit near the cut-
off, and the effect is felt only at frequencies beyond 150 kc from center. Contrast this
with the Chebyshev quintuple of Fig. 9, where five tuned circuits work as a team to pro-
duce one of the fastest cutoffs possible (for five tuned circuits). Also on Fig. 6, one of
the three Q's is low (about 25) and, hence, is not contributing greatly to the selectivity.
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FREQUENCY DEPARTURE FROMCENTER (KC)
Fig. 8. Ratio of output to input as a function
of frequency departure from center;
flat-stagger circuit.
The circuit of Fig. 7 has fairly good selectivity, but the requirement on the ratio of
Q's mentioned earlier makes the highest Q difficult to attain (200 or so).
The flat-stagger triple of Fig. 8 is easy to build and was used in a previous receiv-
: er, but its selectivity is poor. The quintuple requires high Q's (about 150) for two of the
tuned circuits, in addition to four interstage tubes. Actually, the two sets of poles that
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are conjugate pairs can easily be built as a transformer, reducing the number of inter-
stage tubes to two. The Q objection remains, however.
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FREOUENCY DEPARTURE FROM CENTER (KC)
Fig. 9. Ratio of output to input as a function
of frequency departure from center;
Chebyshev circuit.
The Chebyshev quintuple (Fig. 9) offers really remarkable selectivity and would be
used, except for the fact that two of its Q's are even higher than the Q's for the flat-
stagger quintuple. The Chebyshev triple suffers degradation of performance near cutoff
if cascaded.
Curve B of Fig. 10 represents performance which is quite good, but not up to that of
Fig. 2, and so it was not considered further. A similar statement can be made for Fig.
11.
When considering Fig. 12 in detail, keep in mind that the remarks about high and
low Q's refer to an i-f strip built at the conventional frequency of 10.7 Mc. Since, in
general, Q equals fo/B.W. where f is the center frequency, and B. W. is the bandwidth
(which is constant for FM work), any excessive Q could be lowered to a reasonable
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value by choosing a lower intermediate frequency. This procedure would be desirable
for increasing stage gains also. However, there are two serious objections to such a
move. First, all spurious responses are increased due to the lower intermediate fre-
quency, and, secondly, the important spurious response, the image, now falls in-band.
That is, since the FM band is 20 Mc wide, any intermediate frequency lower than 10 Mc
will have image responses due to stations in the FM band. This is serious, because
these stations have large radiated powers, so protection against them is much more dif-
ficult than when the image falls among the low-powered emergency services.
FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 10. Ratio of output to input as a function
of frequency departure from center;
two-pair arrangement.
An attempt was made to see if there existed for the intermediate frequency a fre-
quency between 2.0 and 6.0 Mc such that the receiver, when tuned to any of the eastern
Massachusetts stations with the oscillator higher than the radio frequency, had the image
always fall on a dead channel. Figure 13 is a chart showing the result of such an investi-
gation. At the bottom are the pertinent stations, while a scale of frequency is at the left.
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For instance, there are FM stations at 4.6, 4.8, 5.2, etc., Mc higher than WBUR, so
intermediate frequencies of 2.3, 2.4, or 2.6 Mc should not be used. For the whole chart,
if any horizontal row were clear, then half this frequency would be desirable for an
intermediate frequency. There is no such clear row, and, since even if there were, it
would apply only to the Boston area, this scheme was abandoned. It suggests, though,
that the F. C. C. avoid assigning FM stations about 10.7 Mc apart for two reasons -
(1) even with the present intermediate frequency of 10.7 Me two stations separated by
such an amount can cause interference, and (2) set designers then could use 5.35 Mc
as an intermediate frequency on a national scale, if they so desired.
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FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 11. Ratio of output to input as a function of frequency
departure from center; Chebyshev and
critically-coupled pair.
The selectivity configuration of Fig. 12 arose from a talk with Professor J. G.
Linville of the M. I. T. Department of Electrical Engineering. He suggested that per-
haps the best approach was to decide on the maximum Q's to be used, make as many of
the tuned circuits with this Q as possible, and then use one or two lower Q circuits to
flatten out the passband as required, with the location of the tuned circuits (poles) to be
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decided upon by an approximation method. That this is a powerful procedure can be
appreciated by considering the fact that circuit Q's are the difficult things to get and
keep at 10.7 Mc. Any design calling for the construction and maintenance of Q's much
greater than a hundred should be suspect. This is why the "patent schemes", such as
the flat-stagger or Chebyshev, are in trouble; they have large ratios of Q's.
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Fig. 12. Ratio of output to input as a function
of frequency departure from center;
seven-pole approximation.
This method of design is treated in a report by Linville 15 ). Briefly, one chooses
a likely number of poles, simple or complex; arranges them for a first approximation;
computes a normalized logarithm of magnitude for each pole as a function of frequency
from charts; adds the logarithms and takes the anti-logarithm for the net amplitude-
frequency characteristic. In general, one needs several successive approximations to
achieve the desired results. Similar remarks can be made for the phase-frequency char-
acteristic.
The choice of seven for the number of poles was made on three counts: (1) Because
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for the i-f amplifier.
Fig. 13. Analysis of immediate
frequencies vs FM stations.
of the better shape factor being sought, more tuned circuits are likely to be needed than
the six included in the average FM receiver. (2) This number of poles breaks down eas-
ily into four interstages for the three i-f amplifier tubes. (3) If such selectivity can be
obtained in a lump, it will have shunt capacity at both ends.
As a result of personal, practical experience, the author decided to limit the Q's to
values of less than 100. On the complex plane diagram below, this means no poles shall
be to the right of the dotted line.
The design is carried out on a low-pass, zero-to-one radian basis, with one radian
corresponding to : 75 kc. The dissipation factor is:
30
70
i
;71
N
W0WM
I..
W
-I
V)
I : 
= rf/Q = x 10.7 x 106/ 100 vr x 10.7 x 104
If the band edge, w = 1, is to correspond to 2 r 75, 000 we get:
a' - x 10.7 x 104 / 2 r X 7.5 x 104 = 0.714 .
On an scale, the desired characteristic is shown in Fig. 15.
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Fig. 15. Desired amplitude characteristic.
No count was made of the approximations tried or the time consumed in the pro-
cess. After a little experience with the charts in Linville's paper (1 5), the probable
effect of proposed changes in pole positions could be estimated and the work speeded
up considerably.
A question may be raised here. How does one know when the best possible pole con-
stellation, consistent with the restraints, is attained? Linville outlines aprocedure that
should provide this information, one which was not, however, used in this problem. The
writer stopped work when further pole movements seemed to produce no better selectiv-
ity curve.
It should be noticed that any of the "patent" schemes, such as the flat-stagger ar-
rangement, can be derived by Linville's procedure. It would be interesting to ask a per-
son who doesn't know of the flat-stagger scheme to use this method to derive the flat-
test selectivity curve possible for, say, five poles. The poles, then, should come out to be
on a semi-circle, and any deviation from such would show a weakness in this approxi-
mation method. This is somewhat the same as testing a planimeter (approximate) by hav-
ing it measure an inch square (exact).
The final pole positions and the logarithms of their magnitudes for the seven pole
approximation are shown in Table IV.
The first two rows of Table IV represent two pairs of poles,eachpair at0.714+ j1.25;
the third row represents a pair of poles at 0.714 j1.10; while the fourth stands for a
single pole at 0.900 ±jO.00. Therefore six of the poles have Q's of 100, while the seventh
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TABLE IV. POLE PATTERNS FOR THE I-F AMPLIFIER
FINAL POLE POSITIONS AND THE LOGARITHMS OF THEIR MAGNITUDE
Pole w = 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 2.0 4.0 6.0
Positions Logarithms of Pole Magnitude
0.714il1.25 0.123 0.118 0.106 0.088 0.069 0.057 0.067 0.106 0.344 0.985 1.35
0.714+J1.25 0.123 0.118 0.106 0.088 0.069 0.057 0.067 0.106 0.344 0.985 1.35
0.714*j1.10 0.153 0.149 0.138 0.125 0.114 0.122 0.157 0.221 0.481 1.09 1.46
0.900±j0.00 0.000 0.011 0.040 0.081 0.127 0.175 0.221 0.267 0.385 0.658 0.75
1 0.399 0.396 0.390 0.382 0.379 0.411 0.512 0.700 1.55 3.72 4.91
has a Q of 80. The attenuation can be read off as the anti-logarithm of the difference
between the maximum transmission ( w = 0.8) and the transmission at the frequency in
question. For instance, at a frequency of w = 6 (corresponding to 6 x 75 = 450 kc off
center), this difference becomes 4.91-0.379 = 4.53. This is an attenuation ratio of
34,000. In the passband ( w from 0 to 1), the maximum A = 0.034 occurs between = 0.6
and w = 0.8 which means there is a peak-to-valley ratio of 1.08.
Let p be a quantity which is defined by /P = - wc / c; that is, p is the square of
the ratio of the w value of the complex pole position to the a value. Then the coefficient
of coupling for the complex poles, if taken in complex conjugate pairs, is K p/Q .
This completes the synthesis.
The results were checked by calculating the transfer function of the three double-
tuned pairs and the single circuit that resulted from the seven poles, using one of the
standard formulas.
So far, no consideration has been given to any effects of the phase-shift of the filter
upon FM transmission through it. Linville's procedure allows the designer to meet
phase-shift criteria also, if desired, with the realization, of course, that such criteria
might hamper the degree of freedom of the magnitude performance. In this case no atten-
tion was paid to the phase-shift for the reasons outlined in the following paragraphs.
The analysis of the transmission of an FM wave through a general network is an ex-
tremely difficult one, even under steady-state conditions. The matter has been treated
extensively in the literature in the past 15 years without too much success. Originally,
a second appendix was planned to summarize the methods of attack with special empha-
sis on the problem at hand, but time limitations force the author merely to give two ref-
erences (1 6 ' 7)which themselves will lead to other pertinent material.
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To proceed according to the simpler quasi-stationary theory, the assumption is
made that the input FM wave is acted upon by the steady-state,constant-frequency mag-
nitude and phase-shift characteristics of the filter to give the output FM wave. Consid-
er the results of this theory in two simple cases.
BANDPASS
e, FILTER e2
Fig. 16. Network involved.
Assume the bandpass filter has a flat amplitude characteristic, while the phase-
shift is a linear function of departure from center frequency; thus K ( w - ) + 
ForanFMwave,wemayhave e, = A Sin(wo t + mfSinqt) where mf = A/q.
The output will have the phase-shift of the filter added, and, if the constant phase-shift
o0 is omitted, e: A' Sin [wet + K ( w - oa ) + mf Sin qt 3.
Now A, = d,/dt = w + A Cos qt.
By substitution e 2 A' Sin [ t + K (Aw Cosqt) + mf Sinqt],
and cu = (w - Kq A Sin qt + Aw Cos qt).
The output of the bandpass filter can be represented by a vector diagram as shown
in Fig. 17.
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KqAW
Fig. 17. Output of the bandpass filter.
In Fig. 17 we have 8 - Arctan Kq - Kq since K q is ordinarily a small number. Thus, we
have =- K(w - w) or K - /(w - w) . Since is of the order of 1 to 2 radians for full
deviation, for the case of - v radians we have
K - w/2 v x 75,000 - 1/1.5 x 0.
The result is that K q max - 2 x 15,000 /.5x10 < 0.63
The net result for these figures is that the 15, 000 cycle audio output is eighteenper-
cent above that of low frequencies. The more exact theory says that, under these same
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conditions, there is no such pre-emphasis of the high frequencies but only a time-delay
in transmission. Communication in free-space between two points is an example of such
a distortion-free network. However the 18-percent error can be used as a possible
indicator of accuracy when the phase-shift of the actual filter is being considered.
Physically, it is possible to see why, if the above results are correct, the high
audio-frequencies are pre-emphasized. For these frequencies, the phase excursion is
relatively small (ten to twenty radians) for full deviation. If three radians, for example,
are added to this in a linear manner via the bandpass filter, it represents an appreciable
fraction of the phase swing, and it leaves the total phase swing considerably larger in
proportion to that which occurs for low modulating frequencies.
Figure 18 shows curves of actual phase-shift versus frequency for three filters of
interest, the 7-pole approximation, a 6-pole approximation having about the same selec-
tivity (but with higher Q's, ) and a 3-pair critically-coupled i-f amplifier that is 6 db
down at v 75 kc. This last is represented by curve D of Fig. 5.
The 6-pole approximation is drawn in because it can be fitted quite nicely by a lin-
ear term plus a cubic term to get an analytical expression for thephase-shift. Since the
7-pole curve has less curvature than this 6-pole approximation, any conclusions we make
about the latter will be conservative for the 7-pole approximation.
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Fig. 18. Phase-shifts of various filters.
Assume : = Kg (w- ) + K (w-w)3 X 0 + 
where ~i is the linear term
,is the cubic termAsum =K 1 w- 0 +K 1 u- 0 )a
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Then K and K 2 can be determined because
when Af = 75Kc
+4 2 = 2150
4j = 1620 = 2.83 radian
therefore #2 = 530 = 0.924 radian
K, = 2.83/2 r x 75x 103 C
K2 = 0.924/(2rx75x103) 3
when Af = + 25 Kc
Ot = ('1/)3 x 0.924 radian
when Af = ± 50 Kc
I2 = (2/3)3 X 0.924 radian =
).61 x 10-5
0.885 x 10-13
2°
15.7 
Hence, the cubic can be plotted
Then 0
as shown in Fig. 18.
2.83
-2irx75 x 103 
0.924
(2 x75 x10 3) 0
(w-w0)3 = (AW) 3 Cos3 qt
- (Aw) 3 (Cos 3qt + 3Cos qt)
4
e = A' Sin [Wot + 2 7w Cos qt2r x 75x 1 0 Aw Cos qt
+(2 x0924103)34 (Cos3qt + 3Cosqt)+ 2 r 7 5 1 3) 4
+ mf Sinqt]
2.83
2w x 75 x IO s q
3 q x 0.924
(2r x 75 x 103)3
3q x 0.924
(2 x 75 x 10)3
A w Sin qt
Sin 3qt
4
Sinqt
4
+ Aw Cos qt
We now have a third harmonic term that is of importance only at, or near,full deviation.
If we have a modulating frequency of 5000 cycles, and
AW = Awmax = 2 x 75x10'
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0.75 x 0.924x 2x 5000x100_
we get percentage x 75,000 4.6 per cent
2w X 75,000
The de-emphasis circuit reduces this to 1. 6 per cent. Within the limits of accuracy of
this method, and also because these calculations are for the 6-pole filter, it is apparent
that the phase-shift distortion will not be serious. To be sure, if one is designing an FM
relay receiver for 0. 25 per cent distortion, for instance, more thought should be given
to the problem. (See references (15) and (16).) Finally, to achieve such values for the
distortion, it seems logical that the signal should be fairly well centered in the passband.
This would hold down any even-harmonic distortion.
The i-f amplifier, as it now stands, has its selectivity and gain completely deter-
mined. This gain of 5000 is to be achieved with three tubes. The ordering of selectivity
and gain is still indeterminate. This subject has been well discussed by Magnuski
It is clear that, if possible, all the selectivity should be obtained before any gain is
attempted, so that the tuned circuits will operate without grid-current overloading.
However, if the design must be limited to only three i-f amplifier tubes, the best com-
promise must be made. Overloading, or grid-current flow due to the desired signal,
is not the consideration here, since AVC should handle this situation. Rather, it is the
weak-desired, strong-off-channel signal situation that merits attention.
To fix ideas, consider a certain situation as shown in Fig. 19.
e, MIXER e AMPLIFIER AMPLIFIER #3 e AMPLIFIER # e LIMITER
Fig. 19. Possible arrangement of selectivity and gain.
EXAMPLE FOR FIGo 19.
Take I-F. amp. No. 3 gain = 25
I-F. amp. No. 2 gain = 20
I-F. amp. No. 1 gain = 10
Sel. No. 4 = pole at 0.9 + j0
Sel. No. 3 = poles at 0.714 j1.25
Sel. No. 2 = poles at 0.714 jl.25
Sel. No. 1 = poles at 0.714 jl.10
The voltages e t ,es, and e4are of primary interest and should be held below an
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overloading point, if possible. Voltage e· normally causes grid-current flow in the first
limiter, but with a 6BN6 tube this is not too objectionable, because of the special con-
struction of the tube. If the overload point is taken as one volt for e 2 , e , and e4 and
also if the mixer gain is set at three (resonant condition), it is possible to draw an
informative graph. The example presented for Fig. 19 is not taken completely arbitrar-
ily. Experience and the material in Appendix 1 show that a gain of 25 is near the maxi-
mum for 10.7 Mc without special precautions such as neutralization. This amount, if
applied to the last stage, leaves a total of 200 gain to be supplied by the first two stages.
The selective interstages have been arranged with the most selective first. Figure 20
shows the voltage at e, necessary to cause overloading at e , e,, or e4 as a function of
frequency. It is seen that e4 overloads first over nearly all the significant range. If
the ratio of gains for amplifier stages one and two is changed, it merely moves curve e,
up or down, and such moves are permissible provided the e, curve doesn't go below the
e curve at any point.
FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 20. Voltage at e (Fig. 19) necessary to cause
overloading at e2, e3, and e4 .
Figure 21 shows the considerably inferior performance that is obtained when the
amplifier is turned end-for-end. The performance is especially poor in the alternate-
channel region, where high-level interfering signals may be encountered.
The placement of the stage gains and selective elements having been confirmed, the
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detailed work of designing the particular stages is needed. For illustrative purposes,
consider the first i-f amplifier. A tentative circuit is as shown in Fig. 22.
0.1
30.01
0.001
oCI
0 50 100 150 200 250 300 350 400 450
FREQUENCY DEPARTURE FROM CENTER (KC)
Fig. 21. Voltage at el (Fig. 19 reversed, e = e4 ) necessary to
cause overloading at e 2, e3, and e .
TO AVC
Fig. 22. Typical i-f stage.
The tube chosen is a 6BA6 type, suitable for the application of AVC voltages. The value
of R for the least detuning effect of the variable bias is given by the Sylvania News Let-
ter ( 1 9) No. 97 as 130 ohms. This makes the transconductance about 2300 a mhos with
100 volts on the screen. Resistors RA and RB are chosen to deliver that voltage to the
screen for zero AVC volts and also to limit the voltage reaching the screen to about 110
volts with the tube cut off. This avoids degeneration of the AVC voltage. A suitable
value for RA is 10,000 ohms and for RB, 9000 ohms. C 2 and C3 are rf 0.003 f by-pass
capacitors. These should be of fairly high quality since they are partially in the
resonant circuit. Rd is a decoupling resistor of non-critical size, 1000 ohms.
For the tuned circuits
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I I
WC 1.2 = 1.75
ac -C0.714
Location of the peaks of the response
f = 21Q x 10,700
= 76.8 kc from center
where
Q 100
amplitude of the peaks
p+ 1.160
1.160
2 Jp
This last information would allow a mask to be prepared for an oscilloscope to aid pro-
duction alignment. KQ 1.75
K = 1.75/100 = 0.0175
Gain gm Q
2 Tfo inTC4
knowing that a gain of 10 is desired and solving for
C, = C 4
I0 x 4tfoC = C = 10x 4f= 167 F/qf
gm Q
these capacitors should be high grade components
Cm = KCi = 0.0175 x 167
= 2.92 (=3.0) sJLf
L, and L 2 are wound to resonate at 10.7 Mc with about 175 f capacity, thus including
the strays.
The capacity coupling arrangement was chosen because of its flexibility in adjust-
ment. In practice, it would be more economical of space and money to combine this in-
terstage into an ordinary i-f circuit, as is usually done, and to use magnetic coupling.
Finally, the values of RL and RM need to be determined so that each tuned circuit
has a Q of 100 "in situo". A method of doing this is shown in Fig. 23. Z, the imped-
ance of the second tuned circuit, can be written as
Z = Rs + jX s
R jwL(I- w LC4 - R2 C / L
(I-w 2 LC 4 )2 + w2R 2C2 (- w 2 LC4)1 +2R 2 C 2
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Cm
Fig. 23. Q setting circuit.
where R is the resistance of the coil. At resonance, Rs is of the order of 20, 000 ohms
in this case.
Let C = 5C4 and thus detune this circuit strongly, so that Rs. 1330 ohms. The
equivalent shunting across the first tuned circuit is Rp = QI2Rs. Since the coupling ca-
pacitor reactance Xm is also of the order of 20,000 ohms, we have Q = 16, Q - 2 56, and
Rp = 2 5 6 x 13 3 0 3 0 0, 0 0 0 ohms, which can be considered negligible. The Q of the pri-
mary then can be read off by the bandwidth between half-power points adjusted for the
center frequency, since the detuning still allows sufficient signal to go through for this
purpose. The Q of the secondary can be set by a similar procedure.
IV. LIMITER-DETECTOR
Experience shows that reception of FM broadcast signals is nearly always accom-
panied by both random and regular amplitude variations. While it is true that in a few
cases the additional intelligence contained in the amplitude variations canbe used prof-
itably, as in monitoring signal strength over a long path, most always the recovery of
that which is sent by the original frequency modulations is sufficient. Inasmuch as all
simple frequency detectors react more or less to the magnitude as well as to the fre-
quency of the incoming wave, it is necessary to consider means of desensitizing the FM
receiver to these unwanted amplitude variations, prior to such detection.
The causes of amplitude variations that affect FM reception and are to be considered
here are:
(1) Another radio frequency signal which causes the desired signal to be amplitude-
modulated at a rate given by the frequency difference between the carriers.
(2) Fading
(3) Tuning of the receiver to a different transmitter
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(4) Impulsive interference
(5) Non-flat networks in the transmitter or the receiver
(6) Multipath reception
(7) Variations caused by movement of the receiver with respect to the transmitter
as in FM automobile reception.
The range of amplitudes and their rates of change over which an FM receiver is
supposed to operate is truly remarkable. FM signals from 5 L v to 3 volts, whether
varying in strength once a day or 150, 000 times a second, should all give equal and un-
distorted outputs.
Three general methods have been employed to handle the problem, namely: manual
rf and i-f gain control, automatic volume control, and limiting. The speed of action in-
creases in the order named. The manual control may be used for the large changes in
level occurring in tuning from station to station or when changing geographical location.
The AVC has about these same functions, while limiting generally is depended upon to
eliminate the smaller but more rapid changes in amplitude.
There is a common theory in radio that FM receivers do not need AVC since the
limiter(s) can suppress either fast or slow amplitude variations. This is true provided
one realizes that such a receiver usually has more limiters than the designer bargain-
ed for. That is, with any reasonable signal level, the last i-f amplifier, and perhaps the
next to the last, are drawing grid current and should be classed as limiters, since they
surely are not linear amplifiers. In most cases this does no harm other than to distort
and reduce the selectivity available, a condition not to be permitted in this design be-
cause of the flat passband needed. Hence it is necessary to include AVC or some other
means to cope with the large, slower amplitude variations.
While it would be quite proper and reasonable to consider AVC and limiting as an
integrated unit for the best design, it will be necessary to consider some general prop-
erties of limiters first. Some discussion of their combined roles may be undertaken in
a later section.
Very little has been written on the subject of limiters. Most of the literature avail-
able is devoted to a qualitative or semi-quantitative treatment of the grid-leak limiter.
There is a lack even of the parameters to describe limiting performance, which makes
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it difficult to work on any one system or to compare various schemes.
A second consideration largely ignored is the type of waveform needed by the fre-
quency detector. That is, a number of types of limiters may deliver just as many types
of waveforms, some of which may not coincide with the best requirements of the
frequency-to-amplitude translator. Little seems to be known about the behavior of fre-
quency detectors with other than frequency-varying sinusoidal inputs. Also, if the output
of the limiter is other than sinusoidal, a question is raised as to what characteristic of
the output one is trying to limit - the peak value, the fundamental, or perhaps the power.
Thus if successive waveforms are plotted against input drive magnitude, as in Fig. 24
in which the peak output voltage is held constant, it is clear that the output power (on a
one ohm basis) is P
This power output increases with input magnitude. The same conclusion, although not as
evident, is true for the fundamental component of the wave. Hence, the limiting perform-
ance is not the same for frequency detectors operated by the peak of the wave (if such
do exist) and those sensitive to the fundamental component, for example.
- e'" ------/_\ S
e-- \_
Fig. 24. Output waveforms.
A type of limiter that has found considerable application in developmental work uses
the non-linear properties of semi-conductors, usually germanium, to obtain the desired
action. A typical circuit is shown below in Fig. 25.
- ~~~~~~~~~~I
Fig. 25. A one-stage crystal limiter.
The bias batteries allow the circuit to function as an ordinary rf amplifier for inputs
such that e( t ) < Eb, while larger inputs cause more or less limiting action due to the
E-I characteristics of the crystals.
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A method of predicting the performance of this circuit was suggested by Professor
Arguimbau and carried through by the writer. It consists in recognizing that, to a first
approximation, the voltage across the tank and crystals, e(t) is sinusoidal. Further-
more, the crystal current Ic is determined by the fundamental component of I, since
the tank offers low impedance to any harmonic components. Therefore the operation of
the circuit can be computed from the measured fundamental E-I characteristics of the
crystal. Such measurements were made, and the results are shown in Fig. 26.
I-0
0)11
-D
0.01 0.1 I 10 t00
I RMS - ma
Fig. 26. Current-voltage of a pair of 1N34
crystals as a function of bias.
I, as the abscissa, represents the tube driving current, while e(t) has an rms value
given by the ordinates, with E b as the parameter.
The 6000-ohm line represents a possible impedance of the tank circuit at resonance.
If there is a 5-volt bias on each crystal, for example, then the operation of such a stage
is along this line for rms tube currents less than approximately 0.6 ma, shifting over to
the 5-volt bias curve through a small dotted transition region for larger driving cur-
rents.
Still considering the 6000-ohm line, one sees that larger driving currents are, of
course, required for limiting when larger biases are employed. The limiting obtained
under such conditions is better, however, as evidenced by the flatter curve. A question
arises as to what bias to use for a given application. For instance, in a laboratory usage,
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where the input voltages have only small variations which are to be removed, the high-
er the bias, the better. For radio receiver limiters, however, two other factors enter the
picture. The input drive, as mentioned before, has large variations and, on a downward
swing, will fall out of limiting on a 10-volt bias limiter long before it will on a 1-volt
bias circuit. Secondly, it is poor practice to have 10-volt rms voltages in any high gain
receiver if lower values will do, because the larger voltages entail greater feedback
troubles.
These ideas can be expressed more quantitatively as follows. The dotted lines on
the graph in Fig. 26 represent good approximations to the E-I characteristics over the
useful range of tube currents (1-20 ma) for biases of two and six volts. The equation of
one of the lines is:
Log Eg2 = K log Ip + C
=K log EGM+C
where
Eg = e (rms)
g2
Eg = ein(rms)
By choosing two points on the line, one is able to get the values for K and C. Then
Eg = IOCp K
= 4.8 (Gm Eg )0.'36 for the 2 volt line
= 9.0(GmEg )0093 for the 6 volt line
If Eg2 is now the grid voltage of a second stage of limiting:
E9 = 4.8 (Gm E g )035
= 
4
.
8 (GmEgm)E9 
4.8 [Gm 4.8 (GmEg)O"3]O "35
and for three stages of limiting:
Eg4 = 4 .8 {G4.8[Gm4 8 (GmEg) 0 5 ] }0.1350.135
and so forth for the two-volt case.
A good indicator of limiting performance is the per cent change in the output for a cer-
tain per cent change in input. Thus for the 2-volt case again
(o.135 -1.0)
dE 92 = (4.8) (0.135) (Gm Eg,) GmdEg,
Dividing by
0.13-5
Eg 2 4.8 (GmEg, )
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gives
dEg2 dEg I
= 0.135
Egg Egl
for the 2-volt bias. The equivalent equation for the 6-volt bias is
dE 9 2 dEg,
= 0.093
Eg Egl
Thus it is apparent that percentage changes in E l are reduced by a factor of 10 or so
for this type of limiter. This analysis can be extended easily to, for example,
dEg 0.135 E 2 2 dEg
0.135 (0.135)E Eg 2 Eg1
and in general
dEg(n+,) dEg,
0.135n - for a 2-volt bias.E 9 (n +) Eg91
Call the numerical factor a "limiter coefficient",, which should now be a usefulpa-
rameter for discussing limiter performance. A diagram can be constructed that will
make it possible to compare performances of a 2- and a 6-volt limiter. If there are
three stages of limiting, in each case with a Gm/stage of 5000 x 10- mhos and resonant
tank impedances of 6000 ohms, the behavior is as shown in Fig. 27. This graph shows
Lc , the limiter coefficient, as a function of input to this limiter for the two biases
under consideration. It is clear that, for high input voltages, the 6-volt bias is superior,
and gives a limiter. coefficient (Lc ) less than I 0-, while, for lower input voltages, the
superiority alternates. If the range of expected input voltages is known, one can use such
a chart to decide on the bias voltage, all other things being equal.
In practice, of course, the corners will not be as sharp as indicated because of the
transition region mentioned previously. A plot of the performance of an actual 3-stage,
biased limiter is shown in Fig. 28. The percentage modulation of the output forms a
good indicator of the L being obtained. It is expected that the corners would have been
sharper had a lower percentage of modulation been used on the input. The parameters of
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Fig. 27. Theoretical performance of a three-stage crystal limiter.
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Fig. 28. Three-stage limiter performance in reducing percentage
of modulation (input modulation is 50 percent).
this actual limiter are not necessarily the same as those in the example cited above.
It would be worthwhile to examine the major assumption made in the previous anal-
ysis, i. e. that sinusoidal voltages exist across the tank. If it is accepted that for the
first limiter, at least, the driving current from the tube is sinusoidal, the following equa-
tion for current continuity can be written:
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Imsinwt= Geo() +(t) + C dC(t)dt + i(e o)dt L
where the i(e) is the functional relationship between crystal current and voltage, in-
cluding the effects of bias. This equation is well suited for solution by the M. I. . dif-
ferential analyzer developed by Macnee, and such a solution was made for e(t).
In practice, this circuit normally operates at 20 Mc, for example, with L and C
adjusted to resonate at that frequency. Some parameter values that should span the use-
ful range are presented in Table V.
TABLE V. SOME PARAMETER VALUES FOR THE ONE-STAGE
CRYSTAL LIMITER CIRCUIT PRESENTED IN FIG. 25.
Im from 1 to 40 ma,
C from 10 L/Lf to 50 pLf
L from 6.34 Mh to 1.27 jph
G from 2000 to 50 m hos
f from 16 to 24 Mc
These values were suitably scaled down for the machine. A mask was made for the eo (t)
curve of a pair of 2-volt, biased 1N34 crystals so that this curve could be generated
as needed by the machine's function generators. The result of the study is partially rep-
resented by the series of photographs (Fig. 29 through Fig. 33.) that follows:
Figure 29 shows the currents in the crystals when driven by an I m of about 34 ma,
but with no tank. This was taken merely to show the symmetrical and sharply peaked
waveforms of the crystal currents when operated this way.
Figure 30 shows e 0(t) for the parameter following:
f = 20 Mc
G = 1000 ipmhos
C = 25 /L/f
I = 3 4 ma
Figure 31 gives e0 (t) for the same conditions as Fig. 30 except that the driving cur-
rent m has been reduced to 9.1 ma. Figure 32 shows e0 (t) for a still smaller driving
current, I m = 3.1 ma. Finally Fig. 33 shows eM(t) for the same conditions as Fig. 31
except that, here, the driving frequency is 16 Mc.
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Fig. 29. Crystal current
(no tank circuit), Im = 34 ma.
Fig. 31. e (t) for f = 20 Mc,
G = 1000 uxnhos, C = 25 CtIf,
Im= 9.1 ma.in
Fig. 30. e (t) for f = 20 Mc,
G = 1000 rmhos, C = 25 p.1±f,
I = 34 ma.
m
Fig. 32. e (t) for f = 20 Mc,
G = 1000 mhos, C = 25 1 .±f,
I = 3.1 ma.
m
Fig. 33. e (t) for f = 16 Mc,
G = 1000 mrnhos, C = 25 ipf,
Im = 9.1 ma.
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These pictures clearly show the distortion in the output of a limiter stage that is
driven reasonably hard. As the driving current is lessened, the wave shape approaches
a sine wave, as seen in Fig. 32. These curves represent operation with fairly wideband
tanks and consequent low C. It is expected that higher C tanks would give a better wave
shape.
Comparison of Figs. 31 and 33 reveals that a frequency change of 20 percent is not
significant in the wave shape. A good indication of the amount of limiting present is made
evident by observing the tops of the waves. Thus, in Fig. 30 the wave top is rounded like
(a) in Fig. 34 whereas in Fig. 31, the shape is as in (b) in Fig. 34. Using this as acri-
terion, one can see the similarity of Figs. 31 and 33.
a b
Fig. 34. Sketch of tops of waveforms.
The waveforms can be scaled to give the peak radiofrequency voltage inthe output.
This differential analyzer method seems to be convenient for problems such as this.
For instance, the parameters C, L, G, and I were each controlled by a single knob on
the machine, so that observation of the effect of rapid variation of any one of them could
be obtained. If time had permitted, the e ( t) of the first stage would have been used as
the driving function for a second differential analyzer circuit to see how cascaded stages
behave.
The non-sinusoidal waveforms probably do not affect the operation of a multi-stage
limiter too seriously, as evidenced by the fair agreement obtained between experimental
and calculated results. These wave shapes, however, are usually applied to afrequency-
to-amplitude translator, and any theory of their operation should recognize the possibil-
ity of other than sinusoidal driving waveforms.
Some results concerning a crystal limiter suitable for low-frequency operationmay
be reported here. In the circuit of Fig. 25, L is added merely to tune out the capacitive
reactance. For low frequencies, this is not needed, and it is possible to make an analysis
that neglects any energy storage elements.
Many non-linear devices such as germanium diodes,thyrite, etc., canbe represent-
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ed over a range of operation by a simple power law, i. e., i ex where x depends upon
the material used. Under such an assumption, and for the case of
Eb-= 
we have
e,(t) = E Sinwt
1 = GESinwt
= K, E Sinwt
= K/x E'/x (Sinwt)'/x
Furthermore,
i2 K K/X E'/x ( Sin t)'/x
e3 = X 2
K=/x K:/x  E/X2 (Sin w t)/x
This gives, in general
en K / I/ x --- K E/ xn /xn(Sinwt)l'/ xn
"n-I I I
for n stages of such limiting where en+, is the output voltage of the nth stage.
From the nature of this output function, it can be seen that it is essentially a square
wave of voltage with only a small dependence in magnitude on E and the earlier Ki The
shape of the wave is independent of E and is a function only of the number of limiting
stages. If we denote the peak magnitude of the output fundamentalas len,i, thenaquan-
tity of interest is Lc, the limiter coefficient discussed previously. This is defined as
dlen i + ,, dE
len., =Lc E
We have the equation
lenI (Kx K /x - - - Kx) EI/xn fund. (Sin wt) /x
where the "fund. " means taking the fundamental component of (Sinat) /x n. The function
is odd and symmetrical about /2 . Therefore
0a1 - (sin 8)Vxn Sin de 
4 k )(xn +)/x n
= ,(Sin6) d.
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In the limit,as n - co this becomes
4 T/t
= - 1 J(Sin ) d 8
which is the fundamental component of a square wave. From another point of view,
when we have n - a and w t * n r,
lim(Sinot) /x n =I
Hence the output is at 1 at all times.
The solution for the integral resulting in a, as given in Pierce, No. 483 (20) yields
4 r r( _)
a1 T 2 r(" +I)
where 9 is the value of the exponent of Sin 8 . Thus for x = 3 the values of aare 1.16,
1.23, .... 1. 27 for 1, 2, ... ac stages of limiting.
Therefore
dlenllI I dE
len ,,l, xn E
which means that the limiter coefficient is
Lc = xn.
It takes several stages to get a reasonably small L when x is of the order of 2 to 3.
The use of thyrite, with its higher value for x should be advantageous.
Another parameter of interest here is the percent improvement per stage, which
comes out to be d (Lc)/Lc dn = -In x.
This shows again that high values of x are particularly desirable and, also that no law
of diminishing returns sets in; there is the same improvement with each stage.
For the biased case, we have a transfer shape as shown in Fig. 35.
i
t~- b-- b-- e
Fig. 35. Biased limiter.
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Analytically, we have
i = (e-b)X for e>b
i = 0 for -b<e<b
i = (e+b) for e < -b
giving
e = b + XJ for i >O
e = -b + for i< O
and e is indeterminate for i = 0 .
Actually, this is the limiting form of a circuit as RL- O. For RL finite, of course, any
value of current determines e unambiguously. At low frequencies,it is easy to use very
large values of RL giving approximately the results above.
Again, let
el(t) ESin Xt
il = KESinwt
Then
e, = b+ K, E Sinwt
b + (KE)V/X (Sinwt)'/X
when i > O.
A diagram of the pertinent quantities is shown in Fig. 36.
(KE
Fig. 36. Output waveform of biased limiter.
In general,
e = b + K'n [b + KVX {--- [b +(KE)x (Sinwt)/x x ]
for i>O.
Examine one stage of limiting more closely. Thus
et = b + K/XE'/x (in wt)'/x
and
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WeI, = 4 SinO dO + K:/X E'/X 4 Sin (Sine)"X de
o0
b + .16K3 E for x 3
Also
diet /3 X 1.16 K,/3 dE
E4b, + 1.16 K/3
giving
Lc EV3 + 1.16K,
c = C b + 116 K/
Since we note that Lc- 0 as E - 0, Lc can be made as small as desired by using a
biased limiter and driving it lightly. For large drives we find that L - 1/3 which is the
value for an unbiased limiter and, hence, the value of biased crystals is lost. This sug-
gests that biased crystal limiters need to have optimum drive to get the best results.
These conclusions are verified in the chart shown in Fig. 26. For a bias of five volts,
say, notice the good limiting obtained with drives of less than 0.1 ma. Also, for large
drives, L tends to approach the same value regardless of the bias, which is the con-
clusion reached above.
The previous discussion provides an idea of the performance to be expected from
crystal limiters. Correspondingly, if we knew more exactly the requirements on the
amount of limiting needed to get a certain performance in take-over, we could decide
immediately on the specifications for a suitable crystal limiter. Such requirements on
limiting performance depend, of course, on whether the frequency detector adds any
limiting by itself.
Previous experimental results by the writer shed some light on the question. A test
set-up of three biased crystal limiters driving a wideband ratio detector at 10.7 Mc was
made. Provision was made for driving one, two, or three of these stages as desired.
The ratio detector had a linear bandwidth of approximately 2.5 Mc and the crystal biases
used were 1.5 volts. Thus, it was possible to evaluate take-over performance, using
a good frequency detector with various amounts of crystal limiting.
The method of measuring take-over was as follows. A desired, 400-cycle, fully
deviated signal was interfered with by a common-channel carrier. The complete take-
over range was taken as the ratio of interfering voltages for a 1.0 db to a 28 db drop in
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audio output. The results of the study are reported in Table VI.
TABLE VI. CRYSTAL LIMITER CIRCUIT. DESIRED INPUT VERSUS
TAKE-OVER IN DECIBELS FOR VARIOUS STAGES OF LIMITING
Desired Input Voltage Ratios Take-over
Millivolts Decibels
One Stage of Limiting
200 0.125 -0.400 10.2
100 0.058 -0.27 13.4
60 0.034 -- 0.185 14.7
20 0.0093 - 0.022 7. 5
Two Stages of Limiting
200 0.135 -0.300 7.0
100 0.067 -- 0.078 1.4
60 0.039 - 0.045 1.3
20 0.0128 - 0.0172 2.5
6 0.0031 - 0.0064 6. 4
Three Stages of Limiting
300 0.29 -- 0.32 0.8
60 0.038 -0.045 1.4
20 0.012 - 0.016 2. 3
6 0.0032 - 0.0064 6. 3
2 0.001 -- 0.0032 9.7
It is easy to see that one stage of limiting is unworkable. Two can give fair performance
over a limited range of input signals, but three stages are really requiredto take advan-
tage of the ratio detector bandwidth. Notice the loss of performance for the 2-stage crys-
tal limiter with high input levels. The cause of this is not too clear until one recognizes
on the graph of Fig. 26 that the curves slope upward for high drives. In a 2-stage lim-
iter, if the first stage performance is degraded due to this cause, one can't expect much
more than 1-stage action. In a 3 -stage limiter, however, the first stage absorbs the over-
loading quite completely, leaving the next two stages at their optimum drives. Since the
use of three stages is rather extravagant, other means of limiting should be examined.
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The actual receiver circuit uses two 6BN6 tubes for this purpose. This tube type
was designed by a group at the Zenith Radio Corporation and is described in the National
Electronics Conference Report (21)for 1949 and in later literature. By using a focused
beam of electrons, the designers have achieved a fairly step-like e-i curve, such as
shown in Fig. 37 below, where the distance a-b is of the order of one or two volts.
ac 
II
'p
_b
e o +
eg I
Fig. 37. i - e characteristic of a 6BN6 electron tube.
It is seen that for small rf voltages, the tube can be biased to point c, and operation is
obtained as an amplifier with Gm of approximately 2000 . mhos. For larger grid swings,
the plate current eventually flows in square-wave pulses, and operation as a limiter is
complete. Two cascaded stages are used because of the severe limiting requirements of
the receiver. That is, the limiting action of one 6BN6 stage, while superior to a single
crystal type stage, still is not perfect, due probably to defocusing of the electron beam
at high input voltages (5-50 volts). Also, the two stages are desirable to ease the speci-
fications on the AVC performance. For those familiar with the laboratory multipath re-
ceiver, one can say that the combination of AVC and the first 6BN6 limiter takes the
function of the pre-limiter in the laboratory receiver, while the second 6BN6 limiter,
here, takes the function of the limiter in the laboratory design.
A few words are in order about design considerations. Refer to the complete cir-
cuit diagram Fig. 46. The rheostat in the cathode of the first tube allows the bias onthis
tube to be set at the point C just discussed. Low capacity tanks in each plate circuit are
used, with the resistance RL adjusted to give a fairly flat passband over 75 kc. Re-
sistance RL2 is set to give the proper drive to the discriminator tube and to wideband
this tank. Dc grid resistances must be kept low to avoid self-biasing, hence the two rf
chokes Nos. 1 and 2. The screen voltage of stage one is set high, and that of stage two
is set low. The high screen voltage gives gains of about twenty in stage one if it is not
limiting, while the low screen voltage of stage two results in a low limiting threshold.
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This combination insures limiting for the lowest possible rf input voltages. A curve of
the limiting characteristic is given in Fig. 38.
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Fig. 38. Two-stage 6BN6 electron tube limiter
performance; input is 30 percent modulated.
It is seen that this arrangement compares favorably with a 3-stage crystal lim-
iter and, of course, has the added advantages of needing no crystals or bias sources. The
normal operating range shown on the limiter characteristic has a lower limit set by a
5 MV signal times a gain of 5000 in the i-f amplifier and twenty in the rf head, as postu-
lated. The upper limit will probably not be exceeded because of the AVC action on the
signal.
No mention of L c (the limiter coefficient) has been made for the 6BN6 tubes.
This is because the limiting action, or lack of it, is governed by electron optics, and it
would be very difficult for anyone other than the tube designer to discuss the action in-
telligently. This is in contrast to the crystal type limiter, where circuit analysis can
reveal the answer.
The 6BN6 tube is somewhat sensitive to magnetic fields because of the focused
beam structure. A tube shield is necessary on the second limiter to prevent such pick-
up. Also these tubes, because of their complicated internal mechanism, have a greater
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than usual tube-to-tube variation in gain and internal hum generation. Here again, the
critical stage for internal hum is the second stage of limiting, and, if one is interested
in the best possible output signal/hum ratio, two or three 6BN6 tubes should be tried,
and the best selected. The poorer ones can be used for the first limiter.
Finally, there should be word about the relative merits of different limiter circuits.
The writer feels that for low frequencies (f < 0.1 Mc), the cathode-coupled clipper is the
best solution. The clean and positive limiting due to plate current cutoff is not matched
by any other means. For the intermediate range of frequencies (0.1 to 15 Mc), the 6BN6
tube is a good solution, while for frequencies higher than this, the crystal limiter still
works satisfactorily. If a lower speed of operation can be tolerated, then the familiar
grid-current limiter can give good performance for at least the first two frequency
ranges mentioned above.
The second major topic of this section concerns the frequency detector. Reviewing
the requirements for this device briefly, one should remember first that it should be
wideband, having a linear portion of 2 Mc or so. In addition, its speed of operation should
be as high as possible. These are "must" specifications to permit the purpose of the
design to be met. Other lesser desiderata include simplicity, ease of alignment, good
signal/hum and distortion ratios, AM rejection, etc.
A convenient starting point is the consideration of the modified ratio detector
described in the Research Laboratory of Electronics Report No. 42, (22) page 33. The
circuit is reproduced in Fig. 39.
)IO OUT
Fig. 39. Prototype FM detector.
The background leading to this particular configuration is discussed in the text of Report
(22)
42 . We should like to carry on from this point and see whether, for this circuit
which does meet the first two requirements mentioned earlier, some simplifications
can be made. The elimination of one of the driving tubes and the battery bias would go
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Fig. 40. Actual detector circuit.
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Fig. 41. Frequency-to-voltage characteristic.
far to meet this end.
The final result of several stages of simplification is represented by the circuit in
Fig. 40. Notice that the operating bias is furnished by the cathode voltage drop through
the two inductances and the diodes. The frequency-voltage characteristic is shown
in Fig. 41.
The volts/megacycle parameter is rather low. This may be a source of hum and
noise trouble. However, preliminary measurements indicate that the overall receiver
signal/noise ratio is not being limited here.
Although the operating bias is determined by the tube current, which, in turn, is a
function of plate voltage, the limiting sensitivity to artificially introduced power supply
hum seems to be in the audio circuits and not in the 6AH6 tube.
A 6AH6 tube type was used to give a low impedance source, but this is not critical,
and a lower-cost 6CB6 tube would serve as well. Similarly, the crystal type (1N56) used
here is without significance. The circuit Q's of the series tanks are essentially com-
pletely determined by the source impedance (70 ohms). This net Q is of the order of
four to five, which accounts for the rounded ends on the frequency-voltage characteristic.
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The limiting action of ratio detectors in general has been the subject of a number
of studies. The most recent of these, by Loughlin (23), shows that with a typical circuit
the output voltage decreases with increased drive. In another analysis with slightly dif-
ferent assumptions, an apparently perfect limiting action is obtained. Experimental
data often show considerable performance departure from these theoretical predictions,
and in the next page or two there will be presented certain results pertinent to this prob-
lem, especially as it applies to wideband detectors.
Some time previously a 100 kc model of the circuit of Fig. 39 was constructed. The
low frequency allowed observation of waveforms more readily. The circuit is shown in
Fig. 42.
The condition which Seeley and Arvins (24) called the "unbalanced AM component" is
clearly depicted on the curves in Fig. 43.
Fig. 42. Low-frequency model of FM detector.
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Fig. 43. Voltage-frequency characteristic
of low-frequency model (Fig. 42) R = 0.
The cause of the shift is that the diode pulses lead the tank voltages and, hence,
draw a reactive current, detuning the tanks to a lower frequency. Oscilloscope observa-
tion showed that the tank voltages were not sine waves, thus nullifying an important
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assumption made in the previously mentioned analyses.
If the pulses are made smaller by adjusting R to 430 ohms, the set of curves in Fig.
44 is obtained. Although there is some unbalanced AM component in these curves, the
resistances helped this condition greatly, but allowed some balanced AM component to
be generated. However, this is still quite an improvement over the regular discrimina-
tor which would have the 0.4-volt curve at twice the amplitude of the 0.2-volt curve at
any frequency (except crossover).
If, in an attempt to keep the tank voltages more nearly sinusoidal, one increases
each C by five and makes the corresponding adjustments in L, and L2, the results shown
in Fig. 45 are obtained. These curves show that this step eliminated the unbalanced
AM component, but that the limiting performance is still not perfect.
+3
+2
+1
Y) 0
tD 0
-I
-2
-3
+3
+2
+1
Co
-I
-2
-3
K
I
C I 0o 
I I I I I I I I
85 90 95 100 105 110 115 120
KG KG
Fig. 44. Voltage-frequency Fig. 45. Voltage-frequency
characteristic of low-fre- characteristic of low-fre-
quency model (Fig. 42) quency model (Fig. 42)
R = 430 ohms. R = O, C increased by 5.
In effect, there is a feeling that perfect diodes in combination with perfect tanks
will give perfect limiting for this circuit. Since the tanks fall short of this goal, it is
quite appropriate to use less than perfect diodes to get optimum results, and, in fact,
(24) (23)both Seeley and Arvins , and Loughlin (23) recommend inefficient resistors in series
with the diodes to accomplish this end.
A study of the group of curves presented shows that the unbalanced AM effect will
be the more serious trouble in wideband detectors. When this is eliminated and when
the crossover frequency occurs at 10.7 Mc, the detectors are relatively insensitive to
AM near this frequency, and overall operation is improved. Loughlin (23) lists three
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causes for the unbalanced component, of which two tend to detune the tanks downward
in frequency and one upward. The upward frequency detuning was surely not a factor
at 100 kc because of the large capacities used in the tanks and it had notbeen observed
even at 10.7 Mc. Since this compensating upward shift could not be found, alittle trial
and error resulted in the inclusion of a 300-ohm resistor to achieve the same end. The
AM rejection with the two limiters ahead of the ratio detector seems to be important
only for the weakest signals, namely noise. Here, because of insufficient gain, the sec-
ond limiter rf output still has some noise AM, and the effect of this can be cut down
somewhat by putting the null at 10.7 Mc.
V. PERFORMANCE
The important distinct sections of the receiver have been discussed, andthepoint
to be considered here is overall performance. Figure 46 shows the circuit diagram of
the unit without the power supply or power audio amplifier, but with the rf head designed
(2)
and built by H. H. Cross
The audio filter Cf , Lf, and Cf2 has a nominal cut-off frequency of 13 kc. This
was inserted to allow comparison of noise outputs with the laboratory receiver, for in-
stance. The use of the filter seems to be reasonable because it permits the matching of
the receiver output to the frequency response of the ear or a speaker system. There is
no reason to have the electrical measuring devices measuring an inaudible output, pro-
vided there are no undesirable side effects. For highest quality broadcast listening the
cut-off frequency can be made 15 kc, or the filter can be left out entirely.
The first i-f amplifier is a 6AU6 tube instead of the 6BA6 referred to earlier. The
reasons for the change will be discussed shortly. The de-emphasis network, Cd and
Rd , has a lower impedance level than usual to minimize hum troubles. The extra, low
frequency filtering on the audio and rf oscillator circuits may be necessary, depending
on the quality of the power supply used.
The AVC system merits a little closer attention. Ideally, we want two, and only
two, limiters, the 6BN6 tubes, acting in the receiver at any time. This requirement is,
of course, stricter than that imposed on most FM receivers, wherein operation is sat-
isfactory if at least one limiter is saturated. The inclusion of AVC is probably the best
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method of satisfying the more stringent case.
In terms of the circuit, if EL is the rf voltage at the first limiter grid, its aver-
age value should be between 2.5 and 10 volts. The boundaries are set by the fact that at
values of EL lower than 2.5 volts, only the second limiter is operating. For EL, = 10
volts, the level at the third i-f grid (gain is 25) is 10/25 = 0.4 volt. This allows a slight
margin before overloading occurs at this point, this margin being useful to handle the
AM associated with strong-signal multipath. Finally, these lower and upper limits for
EL, should occur for input signals of 5/v and 0.5 volt respectively, these values seem-
ing to be reasonable design end-points.
With these data and a set of tube characteristics, it is fairly simple to make the
necessary calculations to meet the performance specifications. However, inthe earlier
stages of test an experimental approach was relied upon to gain familiarity withthe prob-
lem. The first thing noticed was that the "" circuit would have to have an actual gain
to work properly. The 6BA6 tube requires 20-25 volts to get near the cut-off region.
Since a maximum of ten volts is available, a scheme such as a voltage doubler wouldbe
needed. Such a circuit was tried using a 6AL5 double-diode, and it worked quite well.
However, loading of the interstage network and the need for the extra tube called for a
simpler arrangement. This consisted of using a 6AU6 tube instead of the 6BA6 tube for
the first i-f, giving more db/volt control. The usual reasons for not using a sharp cut-
off tube type for control in AM receivers were not applicable here in the FM design. The
AVC voltage is then generated by a 1N38A diode, this type being preferred over a 1N34A
because of its higher back resistance.
Ordinarily, a good AVC design incorporates a delay potential to allow the minimum
output to be achieved as quickly as possible. Here, for instance, the delay might be such
that no AVC is developed until EL reaches 2.5 volts. In the circuit as actually built, no
delay voltage is used. This was partly because of the added complications associated
with such a delay, and also because it was desired to use the AVC voltage for monitor-
ing passband shape for output voltage less than 2.5 volts. Also more" " gain is need-
ed by using delay.
To see the effect of the lack of delay voltage, consider the data presented in Table
VII. On a steady-state basis, practically nothing has been lost by not using delay: a 2, a 5,
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or a 20 pv signal comes through about as well in either case. The reason for this is
that the S/N is being determined by the rf tube and its circuits, and changing the gain
after this has little effect.
TABLE VII. AUTOMATIC VOLUME CONTROL DESIGN
EFFECTS OF LACK OF DELAY VOLTAGE
Input EL, (no AVC) S/N ELI (AVC) S/N
2 tLV 0.55 v 45 db 0.50 v 44 db
5 Lv 1.65 v 53 db 1.10 v 51 db
IOLv 3.75 v 55 db 1.82 v 54 db
20Lv 7.40 v 55 db 2.60 v 55 db
However, a steady 5 v signal is a rarity, and attention must be given to the fact
that such weak signals are nearly always varying, perhaps several hundred percent in
one second, when tropospheric multipath exists. The results of a test wherein a 10-db
pad was switched in and out of the antenna circuit, while not conclusive, seemed to in-
dicate that here, also, the lack of delay potential is not serious.
The design criteria of ELi = 2.5 volts for an input of 5v were reached neither
with nor without AVC. This is simply a matter of gain, and, since the S/N doesn't im-
prove particularly for EL, from 1.0 volt to 2.5 volts, the original specification may be
questioned. However, the gain is more than originally designed for, mainly because of
the substitution of the 6AU6 for the 6BA6. Also, it was found that no unbypassed cathode
resistor was needed on this stage to prevent detuning with AVC potential, and the gain
of this first i-f stage is then about twenty. This shouldn't invalidate the reasoning on
overloading presented in Section III, because this maximum of twenty is cut down in
nearly all cases by the AVC potential. The extra gain is useful to help saturate the lim-
iters on noise in interstation tuning.
The filter network in the AVC return was put together on a pragmatic basis, the
main consideration being to keep the action time small. Measurements show partial sup-
pression of AM up to modulating frequencies of about 1000 cycles, with good action on
even rapid fading.
In Figs. 47 - 55, the behavior of the rf and i-f amplifier passband shape ispictured
against input level, which represents the best indicator of AVC performance. The me-
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Fig. 47. Passband shape 200, 000 v
input, 90 Mc,
400 cps 220 kc deviation.
Fig. 49. Passband shape 2, 000
input, 90 Mc,
400 cps 220 kc deviation.-
Fig. 51. Passband shape 20 ,uv
input, 90 Mc,
400 cps ± 220 kc deviation.
Fig. 48. Passband shape 20, 000 piv
input, 90 Mc,
400 cps 220 kc deviation.
IFv Fig. 50. Passband shape 200 pLv
input, 90 Mc,
400 cps ± 220 kc deviation.
Fig. 52. Passband shape 5 v
input, 90 Mc,
400 cps 220 kc deviation.
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Fig. 53. Passband shape 2 Lv Fig. 54. Passband shape 5 ,uv
input, 90 Mc, input, AVC connected with
400 cps 220 kc deviation. 50 cps q± 240 kc deviation.
Fig. 55. Passband shape 200 [Lv
input, no AVC with
50 cps 240 kc deviation.
chanics of making these oscillograms was as follows. For each input level, the value
of AVC potential developed by a ± 75 kc deviated signal was noted. This value of bias
was then put on the AVC return by means of batteries, thus allowing the wider sweeps
to be used without disturbing the bias and, consequently, the passband shape. The heights
of the curves are not to scale. These oscillograms clearly show that the AVC is per-
forming its task of keeping the passband shape invariant to signal strength. In spite of
the heavy noise appearing on the oscillogram showing the 2 v input, the output signal/
noise ratio is better than 40 db, due, of course, to the inherent properties of FM. The
lack of noise shown on the curve in Fig. 54 is due to the presence of some RC filtering
in the AVC return before the picture take-off point was reached. Finally, the last
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oscillogram shows the typical behavior of this and other i-f amplifiers when no precau-
tions are taken against overloading.
A graph of the overall selectivity measured by a point-by-point method is shown in
Fig. 56.
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Fig. 56. Measured selectivity.
The crosses represent measured values on one side of resonance, while the circles
are for the other side. The asymmetry may be caused by regeneration or, more likely,
by the habit of lining up the i-f amplifier through the rf head. Then, if any of the rf
circuits have a slope, the tendency is to move any i-f pole to compensate. In any case,
the result isn't too serious. Visual alignment of the passband for frequencies well down
on the resonance curve seems to be difficult. In our case, the FM generator used had
considerable distortion for sweep widths greater than ± 150 kc, making any visual dis-
play suspect.
The audio fidelity through the complete receiver is given by the curve in Fig. 57.
The slight rise is merely a matter of de-emphasis adjustment, and it doesn't appear
worthwhile to get it any closer. The rapid cutoff at 13 kc is due to the inclusion of the
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filter mentioned previously in this section.
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Fig. 57. Audio fidelity.
Distortion measurements made with a Boonton 202B FM generator as a source in-
dicate about 0.5-percent second and third harmonic through the set for a 400-cycle in-
put with a 75 kc modulation. Since this is well below specifications for this type of
generator, it is a moot point whether to charge this distortion to the set or to the gen-
erator. In any case, these figures hold for input levels from 3 Lv to 200,000 /Lv . A
higher modulating frequency, 5000 cycles, shows about 0.8-percent third harmonic
(before the filter), and, here, the set is probably responsible for the higher figure.
Finally, since harmonic distortion at a modulating frequency of 15 kc is inconvenient
to measure, a pair of oscillograms (Figs. 58, 59) show what can be expected.
Fig. 58. 15 kc, 75 kc deviation Fig. 59. 15 kc, ± 75 kc deviation
output before de-emphasis. output after de-emphasis and filter.
The i-f phase and amplitude characteristics are definitely causing the symmetrical, but
distorted, waveform in Fig. 58, made before de-emphasis. Figure 59 shows the usable
output after de-emphasis, and no distortion is apparent from the photograph, although
the writer would hazard a guess at there being one or two percent present. These
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conclusions about high-audio-frequency distortion were supplemented by a quick check,
using the intermodulation method of distortion testing. Two modulating frequencies
were applied to the FM generator, 13.6 kc and 14.7 kc, such that their sum gave + 75 kc
deviation on the FM generator meter. The resultant outputs as measured by a wave
analyzer are shown in Table VIm.
TABLE VIII. INTERMODULATION TEST METHOD
RECEIVER OUTPUT VERSUS FREQUENCY
Frequency Output
1,100 cycles 0.47
12,500 cycles 1.0
13,600 cycles 4.3
14,700 cycles 15.5
15,800 cycles 0.20
By the method discussed in a General Radio report ( , the quadratic distortion (the
important one corresponding to 1100 cycles) is 0.82 percent and the cubic distortion is
two percent. According to the report, these are quite satisfactory values.
The tuning "feel" or characteristic of the receiver is rather different from that of
most other designs. As can be seen from Fig. 60, for a 1000-,v input, the tuning has
a broad undistorted center region flanked by a distorted area, tailing off finally into
noise. This non-critical center area is the result of using the wideband detector rather
than the usual narrow-band detector. A typical receiver of the latter type would begin
to distort at perhaps ± 30 kc from correct tuning.
There are arguments both for and against this broad center area in addition to the
one mentioned above. Clearly the tuning is non-critical for anything over very small
inputs, and drift is no problem* However, if co-channel or multipath interference exists,
a more accurate tuning would be desirable to center the signal in the flat passband ac-
curately. It seems logical that, if interference exists when tuning in to the desired sta-
tion, the user will automatically tune to eliminate or largely reduce the interference.
(2)
* It must be pointed out that the tuning head designed by H. H. Cross is a pleasure
to use in this respect since it has extremely little drift anyway.
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If this is not possible, he will, of course, select another station. The desirability of a
tuning indicator would rest then, in the prevalence of intermittent interference, e. g.,
airplane, multipath, or impulse noise.
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Fig. 60. Tuning characteristic of experimental receiver
(400 cps, ± 75 kc deviation).
No such indicator is shown on the diagram of the receiver, since its incorporation
is open to question. However, a simple circuit using a 6E5 magic eye tube withtheAVC
voltage as the control was tried, and this worked satisfactorily. The sharp grid cutoff
of this tube type matches the values of the AVC voltage developed. The use of the cen-
ter frequency voltage of the detector as a control is unworkable here for two reasons
first, the low value of volts/kc obtainable from a wideband detector means that ampli-
fication would be necessary; and secondly, the i-f amplifier and the detector may drift
relatively to each other, whereas centering in the i-f passband is what is desired.
Some time previously, a simple experiment was run in which several participants
were asked to tune in a conventional receiver to a 400-cycle, 15 kc deviated, sig-
nal generator by ear. Then the deviation was increased to ± 75 kc and the distortion
measured. The results showed that it was difficult to do this tuning without an indicator.
In the special design of this study, too, it is possible to tune to the edge of the undis-
torted region during a low passage and find that the fully deviated program is distorted,
but certainly the chances of doing this are less than when using a conventional receiver.
To continue, the graph (Fig. 61) shows that the side responses are a function of
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input level and that they may exceed the in-tune output by a few db. This is undesirable
but characteristic of a wideband detector such as is used in this design,
Figure 61 represents data taken from Prof. Arguimbau some time after the receiv-
er was completed. It shows the tuning characteristic when two signals are present. The
90.4 Mc (alternate channel) signal strength was varied as shown onthe ordinates, while
the 90.0 Mc signal was held at a constant 20,000 Lv input. The deviation for both sig-
nals was 1 75 kc. The figure shows that an apparent gain in selectivity can be hadwith
the wideband receiver by detuning from the other signal, if desired. With conventional
narrow-band receivers this procedure would probably cause distortion because the sig-
nal would then be out of the band for the narrow-frequency detector.
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Fig. 61. Tuning characteristic of experimental receiver
undistorted tuning ranges.
The pair of oscillograms, Figs. 62 and Fig. 63, illustrate the matter under dis-
cussion. The first photograph represents the detector shape for a 400-cycle, ± 75 kc
deviated, 20,000 v center-tuned signal. The second photograph, with the oscilloscope
gain cut down by a factor of three, is this same signal partially detuned. Since the max-
imum audio output is proportional to the maximum vertical spread, the output shown in
Fig. 63 is about three times that produced by an in-tune signal.
The diagram in Fig. 64 shows the situation graphically. Normally, region "a" in
Fig. 64 is the operating area of the detector. As the receiver is detuned, a strong sig-
nal will come through up to the region "b" for instance, and finally, as tuning is carried
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on, the noise comes through. Then the detector output snaps back to the neutral point.
Since the upper edge of region "b" may be 200 or 300 kc off-center, relatively large
voltages are developed. The mechanism of side response formation here is different
from that with a narrow-band receiver where detection on the back slope of the discrim-
inator may give effects of about the same magnitude as those above.
Fig. 62. Detector output for a Fig. 63. Detector output for a
400 cps, ± 75 kc deviated, 400 cps, 75 kc deviated,
20, 000 ,uv center-tuned signal. 20, 000 lv partially detuned signal.
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Fig. 64. Mechanism of side response formation.
The last item to be discussed concerning tuning is interstation noise. Those famil-
iar with a variety of commercial FM receivers will realize that they vary widely in this
respect. The less sensitive circuits, in general, have the least noise, as might be ex-
pected. Because the new design discussed here has considerable noise of this type, it
is necessary to check the theoretical boundaries to make sure this excess noise is not
avoidable.
Suppose one has a receiver with a variable amount of gain between a noisy first
tube and the limiter-discriminator. Then the experience of the writer is that the noise
output will vary as in the diagram shown in Fig. 65.
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Fig. 65. Noise behavior of FM receivers.
With very low gain, there is certainly a low noise output, and the limiters act as
straight amplifiers. As the gain increases, the noise output increases upto the point
where the limiters are partially saturated on noise. The AM on the noise envelope ex-
cites the frequency detector, and the resultant noise output may exceed that obtained
when the gain is further increased. This represents the behavior of both the wideband
laboratory receiver and the simplified design. The noise output for extremely high gain
can be predicted since here no envelope AM exists on the noise at the frequency detec-
tor, and the results of an article by Stumpers (26)apply.
Refer to Fig. 5 in this report. We find that Aw/oa = 6, and the output noise ener-
gy (75 sec de-emphasis) for no carrier is about 0.04(Aw) /2 .The fully deviated
desired signal output energy is 2 .Hence the ratio of rms amplitudes is
( 0.04 (Aw) 2 ] 14 db
This is precisely what has been measured on the wideband laboratory receiver. Inthe
simplified design, the gain is just about enough to give this same value although it varies
a db or so over the tuning range. In terms of Fig. 65, most tuners and receivers oper-
ate near point A, the simplified design operates at point B, and the laboratory receiv-
er, at point C.
According to this reasoning, then, the interstation noise is close tothetheoretical
value, and exceeds what it is in most conventional receivers. Since most program ma-
terial has an average level of some 10-14 db below full output, the noise and the pro-
gram sound equally loud, and the effect is, again, unpleasant. This, of course, is not
a fault of the wideband theory; it will happen with any high gain FM receiver.
Solutions available are: a reduction in overall gain, a squelch circuit, or perhaps
a mechanical cut-off switch so that any tuning is accompanied by a 20- or 30-db reduction
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in audio gain. All of these have been tried, and the writer believes the mechanical
arrangement is the most satisfactory although the particular set-up actually used left
something to be desired. Quite possibly, more experience with the unit will show that
for listeners who choose only between two or three stations, the noise problem is not
too serious.
The graph of Fig. 66 shows both the data on sensitivity available and any variation
in audio output plotted against rf input. There is some variation in the sensitivity over
the band, with the worst case calling for about 4 v at the receiver terminals to give
a 40 db S/N ratio.
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Fig. 66. Sensitivity and audio output characteristics (RMS meter).
The extremely flat output-input characteristic shows that this is truly an FM receiver.
To buttress this statement, we should present an AM suppression curve, but this was
difficult to obtain simply because of the low AM output. We can say, however, thatwith
simultaneous 60-cycle, ± 75 kc FM, and 400-cycle, 30-percent AM, it was not possible
to detect the 400-cycle tone by ear at normal listening level, for inputs of 3 ,Lv to
200,000 ILv . This means that at least 45 to 50 db of AM suppression were obtained.
The take-over performance against input level is represented by the graph of Fig.
67. This is the result of measurements made as follows. A fully deviated 400-cycle
desired signal is interfered with by a co-channel carrier. The ratio of the points at
which the interfering signal causes a 0.5-db and a 30-db reduction in the 400-cycle out-
put is converted into decibels and halved. This value is the ordinate and maybe labeled
take-over range. It is much simpler to make measurements this way when working with
nearly equal signals, than to have to estimate where equality of the two occurs. Also,
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the effects of the 0.5-db and the 30-db figures are fairly reciprocal, i. e., if we have a
0.5-db reduction, and then the modulation of the desired and undesired signals is inter-
changed, the result is near 30 db.
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Fig. 67. Co-channel take-over characteristic.
In general, then, the curve shows the least level difference in db needed between
two signals, one modulated and the other unmodulated to give about 30 db of S/N. In
terms of listening quality a 30 db S/N ratio may be classified as fair, a marginal sig-
nal. To get S/N ratios of 40 db and upward, corresponding to good listening quality, we
must increase the ratio of desired to undesired signal strengths. It must also be em-
phasized that this curve represents best performance at a given carrier frequency of
(2)90 Mc. The rf tuned circuits are sharp enough to introduce a slope into the passband .
Since tracking is never perfect, it is found that a factor of probably 0.5 db ought to be
added to allow for the worst alignment due to this cause. In other words, if operation
is desired at only one or two specific frequencies, the original curve can apply. For
general FM band use, the correction mentioned should be incorporated.
The degradation of the take-over performance for inputs less than 10 pu v is due,
of course, to the inherent noise level of the set. The reason for the similar deteriora-
tion for levels in excess of 0.1 volt is not as easy to attribute, but apparently has to do
with slight overloading of the last i-f stage by the AM associated with take-over. If
operation at these high level input voltages must be maintained, it is believed that al-
lowance should be made for a somewhat "stiffer" AVC system.
The result of a few measurements on overall adjacent and alternate channel re-
jection appears in Table IX.
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TABLE IX. OVERALL ADJACENT AND ALTERNATE
CHANNEL REJECTION
Desired Signal -400 kc -200 kc +200 kc +400 kc
100 v --- 37 db 40 db
1000 /LV --- 35 db 37 db
These figures represent data taken as follows. A desired signal of either 100 /Lv or
1000 v strength was tuned in, and then its modulation was switched off. The signal
strength of an alternate or adjacent-channel 400 cycle - 30 kc interfering signal was
increased until the audio output was 30 db below fully deviated output. The ratio in db
of the interfering carrier amplitude to 100 /Pv or 1000 Lv is the figure tabulated. The
blanks mean that -30 db of interference could not be caused with 300,000 v of inter-
fering signal, the full generator output.
Some measurements on a 7-tube FM receiver and equivalent data for a 13-tube
British design yield values of 10-20 for the :+ 200 kc case. It is not known to what degree
the superior performance of the simplified design is due either to better selectivity or
to the widebanding process, but the figures agree quite closely with what could be pre-
dicted from the measured selectivity.
A listening test performed on Wachusett Mountain (elev. 2000 ft. ), north of Wor-
cester, revealed some interesting results. Of the 21 channels between 94.5 and 98.5 Mc
inclusive, thirteen were occupied by perfectly usable signals, thus bearing out the earli-
er contention of the density of signals in this area. This included two sets of "triplets",
that is, three stations on three adjacent channels. It is clear that, if but two stations
occupy adjacent channels, reception of either may be often achieved by detuning the re-
ceiver from the neighboring station. It is equally clear that such a procedure is of no
avail with the middle station of a triplet, and, hence, such triads form a useful meas-
uring unit.
One other item noted was the faint "swish-swish" on WLAW-FM, indicating poten-
tial co-channel interference from WDRC-FM in Hartford, Conn. Inasmuch as Wachusett
Mountain is considerably outside the predicted interference area (sectioning on Map 3)
for these two stations, an explanation was sought. Apparently, at that altitude nearly
free-space transmission is possible, and the ratio of field strengths was perhaps twoto
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one in favor of WLAW-FM. Nearer the ground level, the more distant station has rela-
tively much more attenuation than the nearer, and the base of the mountain is properly
not in the predicted interference area. This agrees with the predictions made for re-
ceiving antenna heights of 30 feet.
A few qualitative checks on the relative behavior of the wideband and narrow-band
receivers under impulse noise verified the conclusions made in Section II. Experimen-
tally, it was found that the rapid take-over extended to shot noise also although here it
is hard to be certain of the comparison because of the probable lack of limiting of the
narrow-band receiver for low input levels. The maximum noise height of sixteen per-
cent of a fully deviated signal was confirmed by oscilloscope observation.
A note or two on shielding may be in order. The construction employs no interstage
shield except that incidental to fastening the rf head to the rest of the receiver. Inthe
i-f amplifier construction, all parts were kept close to the chassis inasmuch as stray
capacity was not a problem, and this technique is quite effective in reducing unwanted
couplings. However power leads, etc., need considerable attention as is shown by the
bypassing on the receiver diagram (see Fig. 46). The gain is such that chassis cur-
rents are becoming of importance. For instance, the receiver can be blocked by con-
necting the input between the chassis and one of the shield cans, even though the cans
are securely held down by three bolts each. Similarly, there is a response at about 10.7
Mc, suspected of being the tenth harmonic of the intermediate frequency, which doesn't
seem to yield to any routine remedy. Another time it would be better to be more system-
atic about shielding from the beginning, and thus probably to avoid later difficulties.
VI. CONCLUSIONS
There seems little doubt that the wideband ideas can be incorporated into a nomi-
nal FM design. In fact, if the appropriate design criteria are met for such incorpora-
tion, the net result seems to be a receiver better than conventional receivers in even
the conventional respects. That is, in the normal or routine tests of the selectivity, the
sensitivity, the image response, the spurious responses, the AM suppression, the fi-
delity, the distortion, and the drift, the results are generally in favor of the wideband
design as compared with the conventional design. The author hastens to add that the
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sum total of such testing of other units has not been too large, but, through the data
gained this way, and from published information on less accessible designs, a fair idea
of the performance of contemporary FM receivers can be had.
The wideband design may be suspect in three respects however. The widebanddis-
criminator introduces an inherently different subjective tuning characteristic, which
difference is difficult to handle analytically. The writer feels, however, that the tuning
characteristic of the simplified receiver is about as satisfactory, or unsatisfactory, as
the case may be, as that of most other FM receivers. Secondly, the high interstation
noise level is the price paid for the increased sensitivity. The rather minor thirdpoint
is that the signal/noise ratio flat-tops at about 57 db as measured with signal generators.
Even if allowance is made for a few db of noise from this source, this figure is exceed-
ed by at least one receiver (this figure from published data).
The reader may wonder at the amount of emphasis given to the tuning problem. This
is because first, it is a characteristic difficult to evaluate at the beginning or paper stage
of a design. The discussion here, then, should guide any future workers in the field as
to what may be expected from wideband receivers. Second, whether the present receiv-
er "sinks or swims" depends in a good measure on the quality of tuning, since a lay user
would be much more critical of unsatisfactory tuning, an operation he performs quite
frequently, than he would be of some deficiency detectable only in laboratory measure-
(2)
ments. H. H. Cross pointed out this general principle early in the design, and the
writer concurs with him strongly.
It is worthwhile to summarize the design as distinguished from operating differences
between this unit and a typical narrow-band receiver. First, the i-f passband shape has
a flat-top and it also has steeper sides than most narrow-band receivers. This is
achieved by using a more powerful method in designing the filter amplifier and by using
somewhat higher Q's than is usual. Secondly, this shape is preserved over a large range
of input levels by means of AVC, which is often not used in FM receivers. The limiting
in the new unit must be solid; hence the two 6BN6's as against the usual 1-stage (or oc-
casionally 2-stage) grid-leak limiter(s). Also, the second limiter tank is widebanded,
giving less gain than is ordinarily obtained from such a stage. The simplified receiver
employs a wideband detector, which means a low audio output. The 6AU6 audio amplifier
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is in the circuit solely to compensate for this loss, and this represents a clear-cut dis-
advantage to widebanding.
In general, then, the wideband receiver calls for more and/or better circuitry and
for about one more tube than an equivalent narrow-band receiver. However the tube to-
tal, nine, for this unit not including the rectifier or power audio amplifier, is still not
very large. To this total must be added the three germanium diodes which are used in
the circuit. A small amount of re-designing, which would substitute a 6AV6 for the audio
tube (6AU6) and a 6AL5 for the two ratio detector diodes, would eliminate all the ger-
manium diodes and bring the tube complement up to ten. This latter course might be the
cheaper way out if costs are to be closely controlled.
The writer believes that the law of diminishing returns has pretty well set in con-
cerning improvements on this particular circuit, since further improvement would seem
to call for radical changes in design. The first step in a solution would be to develop a
good lumped selectivity at 10.7 Mc. By that, we mean a single interstage to go, prob-
ably, between the mixer and first i-f amplifier, which contains all the selective ele-
ments needed. The advantages are several: (1) the overloading problem is very small
or non-existent, (2) the aging and tampering troubles can be greatly reduced if the lump-
ed selectivity is properly packaged, and (3) all subsequent amplifying tubes can be lim-
iters, also, which assures adequate performance in this respect. The Galvin Manufac-
turing Company (Motorola) has done this at 455 kc for their mobile communication re-
ceivers with excellent results. Pucel 7)synthesized a bandpass filter at 1 Mc with good
results, and while the realization of this at 10.7 Mc may or may not be difficult, itwould
certainly be useful.
A second area needing some attention, perhaps, is the wideband discriminator. Spe-
cifically, the writer feels that such a device can be made more simply than was done in
this study. For instance, the low impedance driving tube, the 6AH6, might be replaced
by an i-f transformer whose secondary has this requisite low impedance. This would
leave the detector crystal bias problem unsolved, but not insoluble. Similarly, the low
audio output of such wideband detectors is a detriment that may yield to persistent at-
tack.
Thirdly, the general tuning behavior of all FM receivers is quite disappointing. The
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writer has yet to operate an FM receiver which is completely satisfactory in this res-
pect. The range of troubles encountered includes the following: (1) change of volume
from station to station, (2) large side responses, (3) difficulty in finding an undistorted
region, (4) distortion at high audio levels resulting from the receiver having been tuned
in at a low-level passage, (5) drift, (6) loss of weaker stations and general "mushy"
feel when A. F. C. is used, and (7) high interstation noise levels. Push-button tuning,
although used infrequently in FM receivers, seems the easiest overall solutionto these
variegated troubles. In fact, the use of such a tuning scheme is even more desirable in
FM than in AM, since there are fewer FM than AM stations receivable at any location.
Thus, there is less need for the continuous tuning and its associated difficulties.
Finally, the design would have been expedited if solutions had been available for
several lesser factors. The first of these is the lack of an inexpensive lossy (at rf) cable
for power wiring of the receiver. With such cable, the bypassing would be more effec-
tive and, hence, regeneration less troublesome. Similarly, chassis design for radio
frequencies should take into account this same regeneration problem. A possible con-
struction here would have incorporated a sunken channel down which the signal lead
could have passed. The third factor concerns the desirability of having the F. C. C.
avoid channel assignments 10.7 Mc apart to allow the use of a 5.35 Mc intermediate
frequency, if desired.
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APPENDIX
The maximum gain obtainable from an i-f stage is an important design factor. The
limitation to the gain is, of course, single-stage oscillation or, less seriously, regen-
eration with consequent loss of bandpass symmetry.
J. J. Adams (28) presented some results by which one could calculate the maximum
inductance allowable (to prevent oscillation) in a double-tuned transformer, for coup-
ling factors of K = 0, 0.8, 0.9, and .0. The pertinent equation is,
L= [2/Gmjc gp /I
where Cgp is the tube grid-plate capacity, and where
A = 1.26 for K = 1,
A = 1.22 for K = 0.9,
A = 1.2 for K = 0.8, and
A = 1.0 for K = 0.
The specifying of the maximum inductance instead of the maximum gain is merely a
convenience. The gain is proportional to L, e. g., for K = 0, we find that gain = gm Q L 
Since, in the proposed receiver, we are employing over-coupled pairs, it would
be desirable to see whether A goes up or down for K >I .To this end, consider the
circuit in Fig. 68.
Fig. 68. I-F amplifier circuit.
I
If one assumes that the feedback is only through Cgp, that C >> LQ, and that all
circuits are properly tuned, then the circuit can oscillate if Z is of such a magnitude
that the forward gain times backward gain equals unity and we have the phase angle of
Z = 45 . This means that if one knows the frequency for which this phase angle occurs
(owl),one can adjust the equivalent R until one gets
gm I Z(,)l'l Z,(,) wCgp = I
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where x refers to the resonant frequency of the separate single-tuned circuits, and
Z(l+x 2) I-j(x + k + kx2 )
R 2 + kx- jk
A simple way to get the frequency for which angle Z = -45 ° is to plot the numerator
and denominator phase angle as a function of x with k as a parameter and to pick the x
value for which the difference in phase = -45 ° . The results of such a plot for k = 1/2, 1,
and 2, corresponding to K = 2, 1, and 1/2 respectively, is shown in Fig. 69.
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Fig. 69. Phase chart.
The case of k = 1/2 is of particular interest, and, here, the required phase angle of
-450 occurs for x = 0.75. Then,
Z R I-j(0.75 + 0.5+0.280) 0.484R =0.484wLQ
I+(0.75) 2 + 0.375 - jO.5
and
gm = 0.484'w!L Qw Cgp = I
L_ .46 2
wQ gmw Cgp
82
Therefore
*Therefore, A = 1.46 , and the allowable inductance continues to increase for K larger
than 1. It should not be inferred, however, that the maximum center frequency gain for
this overcoupled case is larger than that for the critically-coupled one. The proportion-
ality of L and gain holds for any single K but not over separate K's. In fact, the net al-
lowable gain can be shown to be slightly lower for the overcoupled circuit, which is the
result finally desired.
It is clear that Cgp is not known very definitely ordinarily, because of the tube
socket and wiring capacitances. Furthermore, the circuit must be operated below this
maximum gain to obtain freedom from regenerative effects and to avoid oscillation if
the grid and plate circuits are detuned. Adams (28)quotes a formula,
max gain = 0.5 0m for K = IirfCgp
This formula, if followed, should be satisfactory in this respect. If one assumes
Cgp= 0.01 /iLf (about three times actual Cgp)and gm of 4000 A mh os corresponding to
values obtainable from a 6AU6, this equation yields a maximum gain of about 54. Since
overcoupled circuits were found to have slightly less stable gain, and in order to allow
for the fairly severe passband requirements, the author chose to design for a gain of
no more than 25.
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